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Preface 

The family of known essential fatty acid metabolites continues to grow. Synthesis 
of the prostaglandins from essential fatty acids was first described by Bergstrom 
and Samuelsson in 1964. The thromboxanes were discovered in 1975, the pros
tacyclins, by Moncada and Vane, in 1976, and the leukotrienes by Samuelsson in 
1979. The discovery of a new class of biologically active arachidonic acid metab
olites named lipoxins was announced by Bengt Samuelsson at the IVth International 
Spring Symposium on Health Sciences held in Washington D.C., May 1984. This 
volume, Prostaglandins, Leukotrienes and Lipoxins, contains most of the papers 
presented in the plenary sessions of the Washington Symposium. The book is divided 
into six parts, each covering a different aspect of this rapidly expanding field, and 
contains a total of 63 chapters by an internationally recognized group of authors in 
each area. 

Part I contains 11 chapters and covers the basic biochemistry and enzymology 
of prostaglandins, leukotrienes, and lipoxins. Chapter 1 by Professor Samuelsson 
details the discovery of lipoxins. The enzymatic synthesis and biological activities 
of the first two members of this series, lipoxins A and B, are described. They 
appear to have selective secretagogue activity for human neutrophils. The lipoxins 
contain a conjugated trihydroxytetraene structure and thus differ significantly from 
the previously described leukotrienes and THETEs and, in contrast to these sub
stances, are derived by the integrated activity of two different lipoxygenase path
ways. 

Chapter 2 in this section, also by Samuelsson, describes a highly significant 
advance in the biology of the leukotrienes, documenting the synthesis and cyto
chemical distribution of these substances in the brain. The first evidence for a 
neuroendocrine role for leukotriene C4 is presented. Four chapters by Kulmacz, 
Smith, Hickok, and McNamara follow and outline properties of prostaglandin
biosynthesizing enzymes including the purification of prostaglandin synthases, the 
subcellular distribution of the enzymes, and the first isolation of the human cy
clooxygenase. The last five chapters in this section by Hammarstrom, Lagarde, 
Fiskum, Shak, and Pace-Asciak describe properties of leukotriene and lipoxygenase 
enzyme systems including new information on their roles in platelet function and 
reticulocyte maturation. Pace-Asciak contributes a new mechanism of formation 
for the "Y-HEPAs via hematin-catalyzed intramolecular oxygen transfer. 

v 
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Part II covers regulatory mechanisms in eicosanoid release and metabolism 
and comprises 13 chapters including contributions by Hirata, Braquet, Metz, Ger
ritsen, Dennis, Sha'afi, and Galli on the regulation of prostaglandin release, and 
chapters by Beckner and Owen on the cell biology of prostaglandins. The quan
titative assessment of the relative roles of the phospholipase A2 and phospholipase 
C pathways in platelets is detailed by Smith. Several chapters describing other new 
discoveries, including the role of EGF in cyclooxygenase synthesis by Bailey, the 
postphospholipase activation of lipoxygenases by Vanderhoek, and the provocative 
finding by Wasner that prostaglandylinositol cyclic phosphate may serve as an 
antagonist to cyclic AMP, complete part II of the book. 

Part III is concerned with cardiovascular-pulmonary interactions of the pros
taglandins, prostacyclins, and leukotrienes and begins with chapters by Weksler 
and by Gerritsen on the role of prostacyclin in platelet-blood vessel interactions. 
Chapters by Ramwell, Kaley, Brace, Seiss, and Rao comprehensively outline pros
taglandin interactions with the cardiovascular system, and others by Levi, Kadowitz, 
and Roth give authoritative surveys of the responses of the cardiovascular system 
to leukotrienes. Feuerstein describes the role of platelet-activating factor in mod
ulating coronary function. Austen reports the discovery of three distinct sulfido
peptide leukotriene receptors, a finding that will help rationalize the wide variety 
of tissue responses to these compounds. Two important nutritional chapters, one 
by Schoene on the effects of selenium deficiency on arachidonic acid metabolism, 
which is mediated by the selenium-containing enzyme glutathione peroxidase, and 
the other by Vahouny on the comparative absorption of (w3) fatty acids similar to 
those found in fish oil diets, complete this section of the book. 

Part IV contains seven chapters describing recent clinical applications of the 
eicosanoids. Harker authoritatively summarizes the status of recent clinical trials 
that evaluated the role of eicosanoids and inhibitory drugs in heart attacks and 
thrombosis, and Goldstein describes relationships between coronary leukotriene 
release and myocardial ischemia. This work expands the developing evidence im
plicating leukotriene-induced vascular contraction in "sudden death" situations. 
Bygdeman, Norman, and Lindblom contribute chapters relating to prostaglandin 
levels in relation to human fertility, to delayed labor, and to differential contractile 
effects of prostaglandins on the human uterus. Foegh describes recent developments 
in the novel use of eicosanoids to monitor allograft rejection. New findings on the 
role of arachidonic acid metabolites in psoriasis and related indications for therapy 
of this disorder are described in a chapter by Camp. 

Part V of the book details the role of eicosanoids in immune reactions, in
flammatory processes, and cancer. This section contains chapters by Hadden, Cof
fey, Goodwin, Rhodes, and Rola-Pleszczynski relative to the role played by li
poxygenase metabolites of arachidonic acid in lymphocyte activation and blastogenesis. 
These important contributions detail the role of eicosanoids in the generation of 
immune responses, macrophage activation, and in helper and suppressor T-cell 
activation and function. They comprise an excellent summary of current knowledge 
in this rapidly expanding field. Additional chapters by Ishizaka, Salari, Jones, and 
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Uotila describe the biochemical cascade involved in mast-cell activation and the 
role of leukotrienes and other arachidonate metabolites in anaphylaxis and asthma. 

The concluding section of the book-Part Vl--contains nine chapters that 
summarize recent advances that have been made in the development of antiinflam
matory drugs and inhibitors of cyclooxygenase, lipoxygenase, and leukotriene sys
tems. This includes a chapter by Fitzgerald detailing novel aspects of aspirin action 
and a thoughtful overview by Flower on the historical development of cyclooxy
genase inhibitors and the present status of these important drugs. Chapters by Egan 
and Coutts outline the current knowledge and state of development of lipoxygenase 
and leukotriene inhibitors. Fischer, Kort, McMillan, and Rainsford describe some 
biological effects of cyclooxygenase and lipoxygenase inhibitors, and in the final 
chapter Magolda describes the synthesis and properties of new and potent site
specific phospholipase A2 inhibitors as possible future generalized inhibitors of 
eicosanoid release. 

J. Martyn Bailey 
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Lipoxins 
A Novel Series of Biologically 
Active Compounds 

CHARLES N. SERHAN, MATS HAMBERG, and 
BENGT SAMUELSSON 

1. INTRODUCTION 

1 

A variety of cells release and oxygenate arachidonic acid during their interaction 
with specific stimuli. In its nonesterified form, arachidonic acid may be subjected 
to oxygenation by either the cyclooxygenase or lipoxygenase pathways. The li
poxygenase pathways of mammalian tissues (i.e., 5-,12-, or 15-) (Hamberg, 1984) 
transform arachidonate into a number of biologically potent compounds, which 
include several mono- and dihydroxyeicosatetraenoic acids. For example, via the 
5-lipoxygenase pathway, arachidonic acid is converted to 5(S)-hydroperoxy-6,8,1l,14-
eicosatetraenoic acid (5-HPETE), which may be further transformed into leuko
trienes (Borgeat et al., 1976; Borgeat and Samuelsson, 1979). Leukotrienes, par
ticularly L TB4 and L TC4, are believed to serve as mediators in both immediate 
hypersensitivity reactions and inflammation (Samuelsson, 1983). In fact, leukotriene 
B4 serves as a complete secretagogue in human neutrophils, stimulating aggregation, 
mobilization of Ca2 + , degranulation, and the generation of active oxygen species 
within seconds of its addition (Serhan et al., 1982). 

In view of the potential importance of lipoxygenase products in both normal 
and pathophysiological states, we have studied interactions among the major li
poxygenase pathways and examined the products formed. In this chapter we describe 

CHARLES N. SERHAN, MATS HAMBERG, and BENGT SAMUELSSON • Department of Phys
iological Chemistry, Karolinska Institutet, S-I04 01 Stockholm, Sweden. Present address a/C.N.S.: 
Visiting Scientist, Fellow of the Arthritis Foundation, Department of Medicine, Division of Rheuma
tology, New York University, New York, New York 10016. 
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a new series of oxygenated derivatives of arachidonic acid that contain a conjugated 
tetraene structure as a characteristic feature of the group and report the structures 
and some of the biological activities of two of the major compounds of this series. 
Since these products appear to arise via the interaction(s) of distinct lipoxygenase 
pathways, we propose the trivial name of "lipoxins" (lipoxygenase interaction prod
ucts) (Serhan et al., 1984b). 

2. MATERIALS AND METHODS 

Cytochalasin B, cytochrome c, superoxide dismutase, and N-t-BOC-L-alanine
p-nitrophenyl ester (BOC-Ala-ONp) were purchased from Sigma (St. Louis, MO). 
Arachidonic acid was purchased from Nu-Chek Prep. (Elysian, MN), and soybean 
lipoxygenase (E.C. 1.13.11.12) type I from Sigma; 15-HPETE was obtained by 
incubation of arachidonic acid with soybean lipoxygenase. Reference compounds 
for oxidative ozonolysis, i.e., the ( - )menthoxycarbonyl derivatives of methyl-2-
oL-hydroxy- and 2-L-hydroxyheptanoates and of dimethyl-2-oL-hydroxy and 2-L
hydroxyadipates, were prepared as previously described (Borgeat et al., 1976; 1979; 
Hamberg, 1971). The HPLC equipment was from Waters Associated (Milford, 
MA) (pump 6OOOA, injector U6K) and LDC (Riviera Beach, FL) (UV detector, 
LDC-III). 

2.1. Cell Preparation and Incubation Conditions 

Human leukocytes from peripheral blood were prepared as described by Lund
berg et al. (1981). These preparations represent a mixed population of leukocytes 
(neutrophils, basophils, eosinophils, etc.) in which the neutrophil contribution rep
resents >90% as determined by Giemsa stain and light microscopy. Cells were 
washed and suspended in a buffered salt solution (pH 7.45) at 100 x 106 cells/ml. 

Leukocytes (100-500 ml of 100 x 106 cells/ml) were warmed to 37°C in a 
water bath with slow continuous stirring for 5 min. Then, either 15-HPETE (100 
ILM) or 15-HPETE (100 ILM) plus A23187 (5 ILM) were added in ethanol «1% 
final vol/vol), and the incubations continued for an additional 30 min. Incubations 
were stopped by addition of 2 volumes of methanol (Serhan et al., 1984a,b). 

2.2. Extractions and Purification 

Procedures for ether extraction and silicic acid chromatography were as de
scribed (Borgeat et al., 1976; Borgeat and Samuelsson, 1979). The ethyl acetate 
fraction from silicic acid chromatography was evaporated, dissolved in methanol, 
treated with diazomethane, and then subjected to thin-layer chromatography. This 
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TLC step was essential since nonenzymatic products of 15-HPETE interfered with 
both the structural analysis and bioassay of the compounds of interest (see Section 
3). Thus, methyl-[ 1_14C]_11, 12, I 5-trihydroxy-5 ,8, 13-eicosatetraenoate and methyl
[1-'4C]-II, 14, 15-trihydroxy-5,8, 12-eicosatrienoate were prepared (Bryant and Bai
ley, 1981) and added to the material eluting in the ethyl acetate fractions. Thin
layer chromatography was carried out using plates coated with silica gel G and 
ethyl acetate: 2,2,4-trimethylpentane (5 : 1, v/v) as solvent. A Berthold Diinn
schichtsscanner II was used for localization of labeled material on TLC plates. The 
zones containing methyl esters exhibiting tetraene UV spectra (i.e., Amax 301, see 
Section 3) but not methyl-[I-'4C]-1l,14,15-trihydroxy-5,8,12-eicosatrienoate or 
methyl-[I-'4C]"11,12,15-trihydroxy-5,8,13-eicosatrienoate were scraped off, and 
the material was recovered from the silica gel by elution with methanol. These 
samples were extracted with ether, dried under N2 , and injected into a reverse
phase HPLC column. The column (length 50 x lOmm; C18) was eluted with meth
anol/water (70 : 30, v/v) at 3.0 ml/min. A UV detector set at 301 nm recorded the 
absorption of the eluate. Fractions showing a tetraene UV spectrum were collected 
separately and rechromatographed in the same HLPC system. The UV spectra of 
separated components were recorded in methanol using a Hewlett-Packard 8450A 
spectrophotometer. 

2.3. Analytical Procedures 

Analytical procedures were performed as described elsewhere (Borgeat and 
Samuelsson, 1979; Hamberg, 1971; Serhan et al., 1984a,b). Human neutrophils 
were prepared for aggregation, superoxide anion generation, and lysosomal enzyme 
release studies as described previously (Serhan et ai., 1982, 1983, 1984b). 

3. RESULTS 

To examine interactions among the major lipoxygenase pathways of mam
malian tissues (i.e., 5-, 12- 15-lipoxygenases), 15-HPETE was added to human 
leukocytes (mixed leukocyte suspensions), and the products formed were charac
terized. Ethyl acetate fractions obtained after silicic acid chromatography contained 
strongly absorbing material at 243 nm (5, 15-DHETE; cf. Maas et ai., 1982) and 
301 nm (trihydroxytetraenes; Fig. 1). Analysis by GC/MS revealed that this fraction 
also contained large amounts of non-UV -absorbing materials derived from 15-
HPETE (i.e., Il,12,15-THETE and 11,14,15-THETE). These compounds, which 
can be formed inter alia in the presence of heme proteins (Bryant and Bailey, 
1981), interfered with both structural and biological studies. Therefore, it was 
necessary to include a TLC separation in the purification scheme (Fig. 2). 

Both [1-'4C]-II, 12, 15-THETE and [1-'4C]-II, 14, 15-THETE were mixed with 
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FIGURE 2, Thin-layer chromatographic separation of methyl esters of [1_14C]THETE and 
compounds I and II. Material eluted with ethyl acetate was mixed with approximately 25 nCi 
of [1-14C);-11 ,12, 15-trihydroxy-5,8, 13-eicosatrienoic acid and [1-14C]-11 ,14, 15-trihydroxY-5, 
8, 12-eicosatrienoic acid, The mixtures were esterified by treatment with diazomethane, spotted, 
and subjected to TLC (solvent system, ethyl acetate-2,2,4-trimethylpentane (5 : 1, v/v), Methyl 
esters of compounds I and II appeared in the zone labeled B just above the zone containing 11, 
14,14-THETE and 11,12,15-THETE. 
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an ethyl acetate fraction obtained from incubations of 15-HPETE with human 
leukocytes, and the mixtures were treated with diazomethane and subjected to TLC 
(Fig. 2; Serhan et ai., 1984a). The tetraene compounds were in the region labeled 
B (Fig. 2). Simultaneous addition of the divalent cation ionophore A23187 (5 j.LM) 
and 15-HPETE led to a 100-fold increase in tetraene-containing compounds. Thus, 
following TLC, 1.02 ± 0.23 j.Lg of tetraene-containing materiall1 X 108 human 
leukocytes could be obtained (n = 13) (Serhan et ai., 1984b). 

3.1. Isolation of Compounds I and II 

Following TLC, the material migrating in region B (Fig. 2) was eluted from 
the silica gel with methanol, concentrated, and injected onto a RP-HPLC (MeOH : H20 
7 : 3, v/v) with the UV detector monitoring at 301 nm. The HPLC profile of this 
material is given in Fig. 3. Two major components showing strong absorption at 
301 nm were found. Materials eluting in the HPLC profile labeled I and II were 
collected, rechromatographed, and examined by UV spectroscopy. Their UV spectra 
are shown in the insets of Fig. 3. 
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FIGURE 3. Reversed-phase HPLC chromatogram of products obtained from incubation of 
human leukocytes with 15-HPETE plus ionophore A23187. The incubation (30 min) was ter
minated by addition of two volumes of methanol. After removal of precipitated proteins, acidic 
ether extraction, and purification by silicic acid column chromatography, samples were treated 
with ethereal diazomethane and further purified by TLC. Products were eluted from silica gel, 
extracted, and injected. The UV detector was set at 301 nm, and the column was eluted with 
methanol/water (70/30, v/v) at 3.0 ml/min. Inset A: Ultraviolet spectrum of compound I in meth
anol. Inset B: Ultraviolet spectrum of compound II in methanol. 
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3.2. Structures of Compounds I and II 

The ultraviolet spectrum of compound I showed a triplet of absorption bands 
at 287,301, and 316 nm (in MeOH). Compound II also showed Amax at 287,301, 
and 316 nm (see inset). These findings suggested that each of the compounds 
contained a conjugated tetraene structure. 

Samples of compound I were converted into the Me3Si derivative and analyzed 
by GC/MS. The material eluted as a relatively broad peak on a 1 % OV-l column 
with an equivalent chain length corresponding to C240 to C24.1 (Serhan et at .. 
1984b). Its mass spectrum showed prominent ions at mle 173 (base peak; Me3 SiO + 
=CH-(CH2)4-CH3) and mle 203 (Me3SiO+=CH-(CH2h-COOCH3) with weaker 
ions at mle 582 (M), 492 (M - 90; loss of Me3SiOH). 482 (M - 100; rearrange
ment followed by loss of 0 =HC-(CH2)4-CH3), 409 (M - 173), 379 (M - 203), 
319 [M - (173 + 90»). 301 [M - (101 + 2 X 90); loss of 'CH2-(CH2h-COOCH3 
plus 2 Me3SiOH], 275 [Me3SiO+=CH-CH(OSiMe3)-(CH2)4-CH3], 229 [M -

(173 + 2 x 90)], and 171 (203 - 32) (Fig. 4). The mass spectrum of the Me3Si 
derivative of hydrogenated compound I (C 2S 3) showed ions of high intensity at mle 
575 (M - 15), 490 [M - 100; rearrangement followed by loss of 0 =HC-(CH2)4-
CH3)], 417 (M - 173), 399 [M - (101 + 90)], 297 [M - (203 + 90)], 203 
(base peak; Me3SiO+=CH-(CH2h-COOCH3), and 173 [Me3SiO+=CH-(CH2)4-
CH3] (Fig. 5). 

To prove the presence of an allylic hydroxyl group at C-5 of compound I and 
to determine its absolute configuration, the (- )menthoxycarbonyl derivative of 
compound I was subjected to oxidative ozonolysis. Gas-liquid chromatographic 
analysis (column, 5% QF-l) of the ozonolysis product showed the presence of the 
( - )menthoxycarbonyl derivative of methyl hydrogen 2-L-hydroxyadipate as well 
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FIGURE 4. Mass spectrum of the Me3Si derivative of the methyl ester of compound I. 
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FIGURE 5. Mass spectrum of the Me3Si derivative of the methyl ester of hydrogenated com
pound I. 

as variable amounts (less than 20%) of 2-L-hydroxyheptanoic acid. These results 
showed that compound I was mainly a methyl eicosatetraenoate containing a hydroxy 
group at C-5 (D-configuration) and one of its four double bonds at /16 • On the basis 
of these findings, the parent acid of the major component present at peak I (Fig. 
3) was assigned the structure 5-0-14, 15-trihydroxy-6,8, 10, 12-eicosatetraenoic acid. 

We next examined the structure of the compound eluting in peak II of the 
HPLC profile (Fig. 3). An aliquot of compound II was converted into the Me3Si 
derivative and subjected to gas-liquid chromatographic-mass spectrometric anal
ysis. Its C value was 24.1, and the mass spectrum showed prominent ions at mle 
379 [M - 203; loss of ·CH(OSiMe3)-(CH2h-COOCH3J. 289 (379 - 90; elimi
nation of Me3SiOH), 203 IMe3SiO+=CH-(CH2h-COOCH3J. 173 [Me3SiO+=CH
(CH2)4-CH3J. and 171 (203 - 32; elimination of CH30H). Ions of low intensity 
were observed inter alia at mle 582 (M), 492 (M - 90; elimination of Me3SiOH), 
and 482 [M - 100; rearrangement followed by elimination of O=HC-(CH2)4-CH3] 
(Fig. 6). 

The product fonned on catalytic hydrogenation of compound II was also 
examined (Fig. 6). The major peak of the gas chromatogram (C2S .3 ) was the satur
ated derivative of compound II (Me3Si derivative) , Ions of high intensity were ob
served at mle 575 (M - 15; loss of 'CH3), 519 [M - 71; loss of '(CH2kCH3J. 
=490 IM-l00; rearrangement followed by loss of OHC-(CH2kCH3], 297 
[M - (203 + 90); loss of 'CH(OSiMe3)-(CH2h-COOCH3 plus Me3SiOH], 276 
[M - 314; rearrangement followed by loss of O=HC-(CH2)s-CH (OSiMe3)
(CH2)4-CH3), 203 (base peak; Me3SiO+=CH-(CH2)rCOOCH3), and 173 
[Me3SiO +=CH-(CH2)4-CH3]' A minor peak (C234) also appeared in the gas chro
matogram of hydrogenated compound II. The mass spectrum showed prominent 
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FIGURE 6. Mass spectrum of the Me3Si derivative of compound II. 

ions at mle 487 (M - 15; loss of 'CH3), 471 (M - 31; loss of 'OCH3), 299 
[M - 203; loss of 'CH-(OSiMe3)-(CH2h-COOCH3], 276 [M - 226; rearrange
ment followed by loss of O=HC-(CH2)13-CH3]' and 203 [base peak; Me3SiO+==CH
(CH2h-COOCH3]. Material present in the minor peak was assigned the structure 
methyl-5,6-dehydroxyeicosanoate (Me3Si derivative) based on the C value and the 
mass spectrum. 

Together, these findings suggested that compound II was a methyleicosate
traenoate carrying hydroxyl groups at C-5, C-6, and C-15. The location of the 
hydroxyl groups was supported by the high intensity of the ion at mle 203 (base 
peak in the spectra) and by the formation of methyl-5,6-dihydroxyeicosanoate as 
a hydrogenolysis product during catalytic hydrogenation of compound II. In order 
to exclude alternative structures and to prove the presence of a vicinal diol structure 
in compound II, an aliquot was treated with n-butylboronic acid in acetone followed 
by treatment with hexamethyldisilazane and trimethylchlorosilane in pyridine. This 
resulted in the formation of an n-butylboronate-Me3Si derivative of compound II 
(C25.3). Mass spectrum showed a prominent ion at mle 173 [Me3SiO+==CH-(CH2k 
CH3], demonstrating that the nonvicinal hydroxyl group was located at C-15 (Fig. 
7). Ions were also observed at mle 504 (M), 489 (M - 15), 414 (M - 90), 404 
(M - 100), and 199 {possibly [CH=CH-CH(OSiMe3)-(CH2kCH3]+}' 

In order to determine whether the stereochemistry at C-15 was retained during 
the biosynthesis of compound II, the (- )menthoxycarbonyl detrivative of com
pound II (cf. Serhan et al., 1984a, b) was subjected to oxidative ozonolysis. Gas-liquid 
chromatographic analysis of the ozonolysis product showed the presence of the 
( - )menthoxycarbonyl derivative of 2-L-hydroxyheptanoic acid, thus demonstrating 
that the configuration of the hydroxyl group at C-15 of compound II was "L" and 
that one of the four double bonds of compound II was located at Ll 13 . The latter 
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FIGURE 7. Mass spectrum 0 the n-butylboronate-Me3Si derivative of Compound II. 

finding together with the untraviolet spectrometry data, which showed that the four 
double bonds of compound II were conjugated (see above), demonstrated that the 
locations of the four double bonds were at t::.?, a9, all, and al3. On the basis of 
these results, the parent acid of compound II was assigned the structure 5,6,I5-L
trihydroxy-7,9, 11, I3-eicosatetraenoic acid. These studies indicate that compounds 
I and II are positional isomers. This is in agreement with their similar behavior on 
HPLC [compound I being only slightly more polar than compound II (Fig. 3)]. 

Following saponification and purification (RP-HPLC) of the free acid of com
pound II, samples were treated with diazomethane and subjected to RP-HPLC. The 
reesterified compound comigrated with the methyl ester of compound II both on 
RP-HPLC and on a straight-phase (chiral) column. 

3.3. Human Neutrophil Responses to Lipoxin A 

5,6, 15-L-Trihydroxy-7 ,9, II , 13-eicosatetraenoic acid (lipoxin A) was added to 
suspensions of human neutrophils, and we examined the generation of oxygen 
radicals, the release of lysosomal enzymes, and aggregation of neutrophils exposed 
to the free acid of this compound as markers of neutrophil activation. Continuous 
recording techniques were utilized to examine the kinetics of neutrophil responses 
upon addition of lip ox in A. Results of these experiments with cytochalasin-B-treated 
neutrophils are shown in Fig. 8. 

As depicted in Fig. 8A, lipoxin A (5 x 10-7 M) induced a rapid burst in the 
generation of superoxide anion and stimulated the release of lysosomal elastase, 
although at the same concentration it exerted little to no effect in provoking ag
gregation. Figure 8A shows representative tracings obtained for aggregation, O2-' 
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FIGURE 8. Human neutrophil aggregation, superoxide anion generation, and elastase release. 
A, Upper tracing: Representative tracing of lysosomal elastase release. Neutrophils (3 x 106 

cells/ml) were incubated with cytochalasin B (5 /Lg/ml) 3 min before addition of BOC-Ala-ONp 
(10 /LM) followed by addition of compound II (5 x 10-7 M). Middle tracing: Representative 
continuous recording of superoxide anion generation. Neutrophils (3 x 106 cells/ml) were in
cubated with cytochalasin B (5 /Lg/ml) 3 min at 37°C. Lower tracing: Representative aggregation 

ester provoked aggregation (l0-6-10- 10 M). However, lipoxin A proved to be a 
potent stimulator of O2-' generation (Fig. 8). At concentrations> 10-7 M, lipoxin 
A provoked O2-, generation and in this respect proved to be as potent as leukotriene 
B4 (Table I). Under these conditions, the synthetic chemotactic peptide f-Met-Leu
Phe (l0-7 M) proved to be the most potent of the three agents studied. 

Both f-Met-Leu-Phe (fMLP) and LTB4 are potent stimulators of elastase release 
in human neutrophils (cf. Serhan et al., 1983). When lipoxin A was compared to 
the effects of these agents, lipoxin A proved to be approximately 2 log orders of 
magnitude less potent than either fMLP or LTB4. A group of representative tracings 
obtained from the same donor are shown in Fig. 4B. Here, the response to fMLP 
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tracing. Neutrophils (3 x 106 celis/O.1 ml) were incubated with cytochalasin B (5 ILg/ml) 3 min 
at 3rC before addition of compound II (5 x 10-7 M). Compound II (5 x 10-7 M) was added to 
the sample cuvette at the time indicated by the arrow. B: Continuous recording of lysosomal 
elastase release from human neutrophils. Tracings are representative of those obtained from 
individual donors. 

TABLE I. Superoxide Anion Generation by Human Neutrophilsa 

Agent 

tMLP (10-7 M) 
5,6,15-Trihydroxy-7,9,11,13-eicosatetraenoic acid (5 x 10-7 M) 
LTB. (5 x 10-7 M) 

Cytochrome c reduced 
(nmol/5 min) 

14.5 ± 5.5 
8.1 ± 3.7 
6.5 ± 3.6 

, Neutrophils (3 x 106 cells/m!) were incubated with cytochalasin B (5 flog/m!) 3 min at 3rC before addition of the 
agents. Data represent 12 separate expenments == S.D. 
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generation, and elastase release by human neutrophil exposed to the free acid of 
lipoxin A (5 x 10-7 M) (Serhan et ai., 1984b). 

Dose-response studies revealed that neither lipoxin A (free acid) nor its methyl 
and L TB4 are shown for purposes of comparison. In each experiment, lipoxin A 
displayed a longer lag phase (-30 sec) than either fMLP or LTB4 in inducing 
lysosomal elastase release. 

4. DISCUSSION 

In this chapter, we describe the structures of two new compounds isolated 
from human leukocytes: 5-o,14,15,-triydroxy-6,8,10,12-eicosatetraenoic acid (li
poxin B; LX-B, the parent acid of compound I) and 5,6,J 5-L-trihydroxy-6,8, 10,12-
eicosatetraenoic acid (lipoxin A; LX-A, the parent acid of compound II). 

The compounds have four conjugated double bonds, three hydroxyl groups, 
and are positional isomers with respect to positions of double bonds and hydroxyl 
groups. These compounds appear to be the major products of a new series of 
compounds that contain four conjugated double bonds as a distinguishing feature 
of the group (Fig. 9). Since the hydroxyl group at C5 had the o-configuration, it 
seems likely that oxygenation by a 5-lipoxygenase is involved in their formation. 
A number of biosynthetic routes may lead to the formation of lipoxin A and lipoxin 
B. However, further studies are required to establish whether the compounds are 
formed via multiple lipoxygenations or via other intermediates. 

~COOH 
~ Arachidonic acid 

! 
~OOH 

__ ~ 15-HPETE 
... 

H OOH 

/ \ 
HO OH 

~~ COOH 
I~ 

-.. 
H '>OH 

HOH 
~COOH 

~ 
HO OH 

lipoxin A (LX -A) lipoxin B (LX-B) 

FIGURE 9. Scheme of formation of compounds I and II. The geometric configurations of the 
double bonds have not been determined and thus are tentative assignments. 
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Addition of lipoxin A to purified human neutrophils provoked a rapid and 
sustained generation of superoxide anion and induced degranulation without pro
voking substantial aggregation. These findings suggest that lipoxin A stimulates 
oxygen metabolism and the generation of active oxygen species in human neutro
phils. With respect to oxygen radical production, lipoxin A proved to be as potent 
as LTB4. However, lipoxin A proved to be two orders of magnitude less potent 
than LTB4 in inducing degranulation (Fig. 9B). Thus, lipoxin A, unlike LTB4, is 
a selective secretagogue in human neutrophil. Whether lipoxin A will prove to be 
an intracellular rather than extracellular signal remains to be determined. Never
theless, results of the present study suggest a role for interactions among the major 
lipoxygenases of mammalian tissues in regulating specific cellular responses. More
over, these findings may provide additional or alternative means by which the 
oxygenation of arachidonic acid by various cells can exert an effect on allergic 
reactions, inflammation, thrombosis, and host defense. The biological activities of 
these and related compounds are currently being investigated in other tissues. 

5. SUMMARY 

The interactions have been studied between the S-lipoxygenase and 1S-lipox
ygenase pathways in human leukocytes. Addition of 1S(S)-hydroperoxy-S,8, 11,13-
eicosatetraenoic acid (lS-HPETE) to human leukocytes led to the formation of a 
novel series of compounds containing four conjugated double bonds. Following 
purification by silicic acid chromatography, a fraction containing several uniden
tified tetraenes from leukocytes was obtained. The material was esterified, separated 
by thin-layer chromatography, and analyzed by reversed-phase high-pressure liquid 
chromatography. The structures of the two major compounds were elucidated by 
ultraviolet spectrometry, gas chromatography-mass spectrometry, and oxidative 
ozonolysis. One compound was identified as S,6,1S-L-trihydroxy-7,9,11,13-
eicosatetraenoic acid, and the other as S-D, 14, 1S-trihydroxy-6,8, 10, 12-eicosate
traenoic acid. When added to human neutrophils, kinetic and dose-response studies 
showed that S ,6, 1S-L-trihydroxy-7, 9,11, 13-eicosatetraenoic acid stimulated these 
cells with respect to superoxide anion generation and the release of lysosomal 
enzymes but had little ability to induce aggregation. Together, these results dem
onstrate that interaction(s) between the 5- and IS-lipoxygenase pathways of human 
leukocytes lead to the formation of a new series of arachidonic acid-derived com
pounds. Moreover, they suggest that such products may be involved in regulating 
specific cellular responses. 

ACKNOWLEDGMENTS. We wish to thank Mrs. G. Hamberg, Mrs. A. Ohrstrom, 
Ms. Lena Horlin, and Ms. Lena Deler for excellent technical assistance. The 
research was supported by the Swedish Medical Research Council (03X -00217 
Samuelsson, 03X-OS170 Hamberg). 



16 CHARLES N. SERHAN et al. 

REFERENCES 

Borgeat, P., and Samuelsson, B., 1979, Metabolism of arachidonic acid in polymorphonuclear leu
kocytes, J. Bioi. Chern. 254:7865-7869. 

Borgeat, P., Hamberg, M., and Samuelsson, B., 1976, Transformation of arachidonic acid and homo
'V-linolenic acid by rabbit polymorphonuclear leukocytes, J. Bioi. Chern 254:7816-7820. 

Bryant, R., and Bailey, J. M., 1981, Rearrangement of 15-hydroperoxyeicosatetraenoic acid (15-
HPETE) during incubations with hemoglobin. A model for platelet lipoxygenase metabolism, Prog. 
Lipid Res. 20:279-281. 

Hamberg, M., 1971, Steric analysis of hydroperoxides formed by lipoxygenase oxygenation of linoleic 
acid, Anal. Biochern. 43:515-526. 

Hamberg, M., 1984, Studies on the formation and degradation of unsaturated fatty acid hydroperoxides, 
Prostaglandins, Leukotrienes Med. 13:27-34. 

Lundberg, D., Ractmark, 0., Malmsten, C., and Samuelsson, B., 1981, Transformation of 15-hydro
peroxy-5,9,1l,13-eicosatetraenoic acid into novelleukotrienes, FEBS Lett. 126:127-132. 

Maas, R. L., Turk, J., Oates, J. A., and Brash, A. R., 1982, Formation of a novel dihydtoxy acid 
from arachidonic acid by lipoxygenase-catalyzed double oxygenation in rat mononuclear cells and 
human leukocytes, J. Bioi. Chern. 257:7056-7067. 

Samuelsson, B., 1983, Leukotrienes: Mediators of immediate hypersensitivity reactions and inflam
mation, Science 220:568-575. 

Serhan, C. N., Radin, A., Smolen, 1. E., Korchak, H. M., Samuelsson, B., and Weissmann, G., 1982, 
Leukotriene B4 is a complete secretagogue in human neutrophils. A kinetic analysis, Biochern. 
Biophys. Res. Cornrnun. 107:1006-1012. 

Serhan, C. N., Smolen, J. E., Korchak, H. M., and Weissmann, G., 1983, Leukotriene B4 is a complete 
secretagogue in human neutrophils: Ca2+ -translocation in liposomes and kinetics of neutrophil 
activation, in: Advances in Prostaglandin. Thrornboxane and Leukotriene Research. Vol. 11 (B. 
Samuelsson, R. Paoletti, and P. Ramwell, eds), Raven Press, New York, pp. 53-62. 

Serhan, C. N., Hamberg, M., and Samuelsson, B., 1984a, Trihydroxytetraenes: A novel series of 
compounds formed from arachidonic acid in human leukocytes, Biochern. Biophys. Res. Cornrnun. 
118:943-949. 

Serhan, C. N., Hamberg, M., and Samuelsson, B., 1984b, Lipoxins: A novel series of biologically 
active compounds formed from arachidonic acid in human leukocytes, Proc. Natl. Acad. Sci. 
U.S.A. 81:5335-5339. 



Occurrence of Leukotrienes in 
Rat Brain 
Evidence for a Neuroendocrine Role of 
Leukotriene C4 
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TOMAS HOKFEL T, SVEN-ERIK DAHLEN, 
PETER ENEROTH, SIGBRITT WERNER, 
CARLO PATRONO, and BENGT SAMUELSSON 

1. INTRODUCTION 

2 

Leukotrienes (L T) are bioactive compounds with proposed roles as mediators of 
inflammation and allergy (Samuelsson, 1983). Production of LT is initiated by 5-
lipoxygenation of arachidonic acid to 5(S)-hydroperoxyeicosatetraenoic acid (5-
HPETE), which is further transformed to an unstable epoxide (L T A4) (Borgeat et 
al., 1976; Borgeat and Samuelsson, 1979a). This intermediate can be enzymatically 
hydrolyzed to LTB4 (Borgeat and Samuelsson, 1979b; Corey et al., 1981). Alter-
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natively, LT A4 is converted, by addition of glutathione at C-6, into LTC4 (Murphy 
et ai., 1979; Morris et ai., 1980). Stepwise enzymatic elimination of glutamic acid 
and glycine in the peptide side chain leads to formation of LTD4 and LTE4, re
spectively (Orning and Hammarstrom, 1980; Bernstrom and Hammarstrom, 1980). 
The proposed mediator of allergic reactions, slow-reacting substance of anaphylaxis 
(SRS-A) (Orange and Austen, 1969), has been identified as an entity composed of 
LTC4, LTD4, and LTE4 (Samuelsson, 1983). 

Leukotriene formation has almost exclusively been observed in various leu
kocytes and lung tissue (Samuelsson, 1983), whereas production of arachidonic 
acid metabolites such as prostaglandins and thromboxanes is widely distributed in 
various organ systems including the central nervous system (Wolfe, 1982). 

This report describes the isolation of L TC4, L TD4, and L TE4 from incubations 
of rat brain in vitro (Lindgren et ai., 1984). Identification of the compounds was 
carried out using high-performance liquid chromatography, UV spectroscopy, ra
dioimmunoassay, and bioassay. Most regions of the brain produced leukotriene C4 
as judged by radioimmunoassay. The highest levels were obtained in the hypo
thalamus and the median eminence. By the indirect immunofluorescence technique, 
nerve endings in the median eminence and cell bodies in the preoptic area reacting 
with L TC4 antiplasma were observed. Furthermore, LTC4 at concentrations below 
the picomolar range released luteinizing hormone from dispersed rat anterior pi
tuitary cells in vitro (Hulting et al., 1984). 

2. METHODS 

Male rats (body weight 150-200 g, pathogen-free strain, Anticimex, Stock
holm) were anesthetized with pentobarbital (40 mg/kg, i.p.) and perfused with 100 
ml oxygenated Tyrode's solution at room temperature. The brains were rapidly 
removed and placed in ice-cold phosphate-buffered saline (PBS). 

Frontal sections (thickness about 0.5 mm) from the entire brain were sliced 
with two razor blades on a cooled stage. Alternatively, thin slices (about 0.3 mm) 
from various brain regions were prepared by hand on a cooled stage with the help 
of a razor blade and a frosted object slide, and small round slices (diameter 3 mm) 
were punched out from the larger original slices. 

The incubation procedure, purification of the products, analytical methods, 
bioassay (using lung parenchymal strips and longitudinal ileum muscle from guinea 
pig), and immunohistochemical methods were described recently (Lindgren et al., 
1984). Radioimmunoassay of LTC4 (Lindgren et al., 1983) and LH (Andersson et 
al., 1983) was carried out as described. Dispersed rat anterior pituitary cells were 
prepared and cultured as described (Hulting et al., 1984). Synthetic LTC4 was a 
kind gift from Dr. J. Pike, the Upjohn Company; LTB4 was biosynthetically pre
pared as described previously (Lindgren et ai., 1981). 
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3. RESULTS 

3.1. Isolation of Leukotrienes from Rat Brain 

Incubation of sliced rat brains with arachidonic acid (75 fLM) and ionophore 
A23187 (5 fLM) led to leukotriene fonnation. Figure 1 shows the ultraviolet ab
sorbance pattern (at 280 nm) of eluted products. Peaks I, II, and III had elution 
times corresponding to standards of L TC4, L TD4, and LTE4, respectively. Peak I 
also coeluted with [3H1L TC4 added to the sample after the incubation. Ultraviolet 
spectroscopy of compound I showed maximal absorbance at 280 nm with shoulders 
at 270 and 290 nm (Fig. 1). The material that cochromatographed with LTD4 (peak 
II) or LTE4 (peak III) was dissolved in 100 fLl of ethanol/water (l : 1, v/v) after 
evaporation of the HPLC solvent. Samples of both compounds elicited dose-related 
contractions of the lung strip (Fig. 2). These contractions were unaffected by 
indomethacin or by receptor antagonists for biogenic amines but were susceptible 
to antagonism by FPL 55712. Quantitation on the lung strip indicated that peaks 
II and III contained approximately 60 and 5 pmol of LTC4-like activity, respectively 
(Fig. 2). The ileum assay indicated that peak II contained 60-70 pmol of LTD4. 
Finally, on the ileum the material in peak III was considerably less active than 
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FIGURE 1. The upper curve shows a RP-HPLC chromatogram of an injected mixture of leu
kotrienes C4 • D4 • and E4 . The lower curve shows a RP-HPLC chromatogram obtained after 
injection of the methanol fraction of a silicic acid column chromatograph of the chloroform extract. 
The dotted line represents content of radioactivity in each HPLC fraction. Inset: Ultraviolet 
spectrum of material eluted in peak I. 
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FIGURE 2. Bioassay of material eluted in peaks II and III. Upper two tracings show typical 
contractions evoked by the samples and standards of L TD4 or L TE4 on the guinea pig lung 
strip. The quantitation on the lung strip is presellted in the upper right hand corner diagram. 
Abscissa: Volumes of samples tested (both peaks were dissolved in a total volume of 100 J.LI). 
Left ordinate: Contractions (expressed as percentage of the maximal responses in each prep
aration) evoked by samples of peak II (0) and III (0), respectively. Filled symbols show responses 
in indomethacin (10 J.LM)-pretreated preparations. Right ordinate: Contraction responses evoked 
by standards of L TD4 or L TE4. The amount of L TD4- or L TE4-like activity in peak II or III was 
extrapolated from the linear volume response curves of each sample. Lower tracing shows 
contractions elicited by the samples and standards of leukotrienes on the longitudinal muscle 
of the guinea pig ileum. 

equal amounts of material eluted as peak II, giving further evidence that peak III 
contained L TE4, because this leukotriene is less potent than L TD4 in the ileum but 
not in the lung strip (Fig. 2) (Dahlen, 1983; Bjorck et at., 1984). Therefore, when 
considered together, it is reasonable to conclude that peaks II and III contained 60 
and 5 pmol of LTD4 and LTE4, respectively. 

After rechromatography of peak I on RP-HPLC, the fractions were analyzed 
for LTC4 by radioimmunoassay. As shown in Fig. 3A, the UV-absorbing (280 nm) 
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FIGURE 3. A: Reversed-phase HPLC chromatogram (partially shown) obtained after rechro
matography of peak I (Fig. 1). The dotted line represents the L TC4 content in each fraction as 
judged by radioimmunoassay. The amounts of [3H]L TC4 added in aliquots of the diluted HPLC 
fractions never exceeded 5% of [3HIL TC4 used in the assay procedure. B: Contractions evoked 
by samples of peak I on the guinea pig lung strip (GPLS) and ileum (GPIL), respectively. S, 
solvent control [EtOH-H20, 1 : 1 (v/v)]. Concentration of FPL 55712, 1 fLM. 

fractions also contained immunologically active material binding to the antibody. 
The total amount of L TC4 remaining after rechromatography was around 90 pmol 
as judged by radioimmunoassay. The fractions containing LTC4 were pooled, and 
the HPLC-solvent was evaporated. Thereafter, the sample was dissolved in 1 ml 
ethanol-water (1 : 1, v/v) and subjected to bioassay (Fig. 3B). 

The material had a pattern of contractile activity on the lung strip and ileum 
that was indistinguishable from that of LTC4 . The total amount of L TC4-like activity 
in peak I as estimated by final quantitation on the lung strip (not shown) was very 
close (around 100 pmo!) to the amount determined by radioimmunoassay. 

The recovery of L TC4 during the purification procedure was estimated by the 
use of radiolabeled compound (Lindgren et al., 1984). Assuming equal recovery 
of leukotrienes C4 , D4 , and E4 , the average production under the present conditions 
was accordingly calculated to be 25,8, and 0.7 pmol/g brain tissue (ww) of LTC4 , 

LTD4 , and LTE4 , respectively. 

3.2. Regional Distribution of L TC4 Production 

Slices from various regions of the rat brain were incubated with ionophore 
A23187 (5 f-LM) and arachidonic acid (75 f-LM), and the LTC4 formation was 
measured by radioimmunoassay (Fig. 4). Synthesis of LTC4 was observed in all 
regions tested. Highest levels ofLTC4 were produced by hypothalamus (2.9 ± 1.32 
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FIGURE 4. Regional distribution of L TC4 biosynthesis in various parts of the rat brain. One 
(Em. Med.) or two slices from each of the indicated regions were preincubated in 0.5 ml PBS 
(pH 7.4) for 5 min prior to a 10-min incubation with ionophore A23187 (5 jJ.M) and arachidonic 
acid (75 jJ.M). Each L TC4 value is the mean ± S.D. of duplicate determinations on samples from 
three different animals (n = 3). Statistical analyses were performed using Student's Hest: n.s., 
not significant; *P < 0.05; **P < 0.01; ***P < 0.001 (differences in L TC4 values compared to 
the value obtained in samples from the cerebellum). Cortex, ant., anterior cortex; cortex, post. 
posterior cortex; Hippoc., hippocampus; Acc. + tub. olf., nucleus accumbens plus tuberculum 
olfactorium; Caud., nucleus caudatus; ThaI. ant., anterior thalamus; ThaI. post., posterior thal
amus; Hypothal., hypothalamus; Em. Med., median eminence; S. Nigra, substantia nigra; P.A.G., 
periaqueductal gray matter; Cereb., cerebellum; Med. ObI., medulla oblongata. 

pmol/slice), median eminence (2.1 ± 0.92 pmol/slice), and nucleus accumbens/ 
tuberculum olfactorium (1.6 ± 0.44 pmol/slice), whereas the production in slices 
from cerebellum was small (0.37 ± 0.06 pmol/slice) (mean ± S.D.). Background 
levels obtained with unstimulated tissue incubated in the absence of ionophore and 
exogenous arachidonic acid never exceeded 0.15 ± 0.03 (S.D.) pmol/slice. 

3.3. Immunohistochemical Determination of L TC4 in Rat Brain 

Two patterns of immunoreactivity were observed after incubation of sections 
with L TC4 antiplasma. In the lateral part of the external layer of the median em
inence, a medium-dense plexus of LTC4 immunoreactive fibers was seen with 
antiplasma dilutions up to 1 : 3200 (Fig. 5A). The fibers were strongly varicose 
and terminated close to the portal vessels. Single fibers with the same appearance 
were also observed in other brain regions including many areas in the hypothalamus, 
septum, and subfornical organ. In addition, weakly fluorescent cell bodies were 
seen in the medial preoptic area (Fig. 5C). Both patterns of fluorescence were 
completely abolished by pre absorption of the L TC4 antiplasma with LTCcBSA 
conjugate (Fig. 5B) or glutathione disulfide (8 x 10-4 M) but not with LTC4 alone. 
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FIGURE 5. Immunofluorescence micrographs of the median eminence (A,B: consecutive se
cions), reticular thalamic nucleus (C), and parietal cortex (D) after incubation with L TC4 anti
plasma (A,C,O) or L TC4 antiplasma preabsorbed with L TCcBSA conjugate (B). 

With higher concentrations of antibodies (up to 1 : 800 dilution), numerous flu
orescent cell bodies were seen in many brain regions (Fig. 5C,D). This fluorescence 
was not affected by absorption with LTC4 or glutathione disulfide (up to 8 X 10--4 
M), but a detectable decrease was seen when antiplasma preabsorbed with LTCcBSA 
conjugate was used. Absorption with BSA had no effect on the LTC4-like immu
noreactivity. 

3.4. Effect of Leukotrienes on LH Release from Dispersed Rat 
Anterior Pituitary Cells 

Leukotriene C4 at concentrations of 10-14 to 10-9 M significantly stimulated 
basal luteinizing hormone (LH) release from dispersed rat anterior pituitary cells 
after 0.5 hr in culture (Fig. 6). At 10-14 M, LTC4 caused a 90% increase of LH 
levels. Maximal effects were seen at concentrations of 10-13 to 10-12 M (123-129% 
stimulation). After 3 hr, the stimulatory effect of LTC4 on LH release could no 
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FIGURE 6. Effects of leukotrienes B4 (--) and C4 (--) on LH secretion from dispersed 
rat anterior pituitary cells after 0.5 hr in culture. Luteinizing hormone values are expressed as 
percentage of basal release. The curves show the mean ± S.E.M. from four different experiments 
with ten identical cultures in each experiment. *P < 0.02; **P < 0.01; ***P < 0.001 (Student's 
t-test). 

longer be seen. At higher concentrations, the effect decreased: LTB4 at concentra
tions of 10-17 to 10-7 M had no significant effect on basal LH release (Fig. 1). 
Luteinizing hormone-releasing hormone (10-9 or 10-6 M) had no stimulatory effect 
on LH release after 0.5 hr. However, after 3 hr, a dose-dependent stimulation of 
LH release was observed (Table I). 

TABLE I. Release of LH (ng/ml ± S.E.) from 
Cultures of Rat Anterior Pituitary in the Presence 

of L TC4 or LHRHB 

Incubation time 

0.5 hr 3 hr 

Control 97 ± II 238 ± 12 
LTC4 , 1O-14M 183 ± 21** 259 ± 18 
LHRH, 10-9 M 97 ± 16 407 ± 38** 
LHRH 10-<' M 129 ± 40 913 ± 117*** 

• Figures represent the mean of two experiments; n = 10 in each exper
iment. "P < 0.01; "'P < 0.001 (Student's t-test). 
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4. DISCUSSION 

The present report demonstrates the isolation of L TC4• LTD 4, and L TE4 from 
rat brain incubations. The capacity to produce L TC4 was widely distributed in the 
central nervous system as indicated by radioimmunologic determinations. However, 
the detected amounts of LTC4 varied markedly among different brain regions, with 
the highest levels found in the hypothalamus and the median eminence. The results 
may suggest distinct differences in biosynthesis between the investigated brain 
regions; however. differences in catabolism of LTC4 may also contribute. 

Evidence for the presence of L TC4 was also obtained as an immunohisto
chemical analysis demonstrating immunoreactive fibers in the lateral part of the 
external layer of the median eminence and cell bodies in the preoptic area. However, 
further investigations are clearly required to fully elucidate the identity of the 
immunoreactivity. Thus, the immunofluorescence could only be abolished by ab
sorption with L TC4-BSA conjugate but not by L TC4 alone. Control experiments 
revealed that this lack of effect by L TC4 alone was not attributable to breakdown 
of the compound during the incubation (unpublished data). The fluorescence on 
widely distributed cell bodies could not be abolished by absorption by L TC4 and 
only to a certain degree by the L TCcBSA conjugate. On the other hand, the 
immunoreaction in the median eminence could also be abolished by high concen
trations of glutathione disulfide (ten times higher than LTC4-BSA conjugate). 

The highest amounts of L TC4 were detected in the hypothalamus and median 
eminence. Therefore, it is of great interest that low concentrations of L TC4 (10- 14 

M) specifically evoked release of LH from dispersed anterior pituitary cells. Leu
kotriene C4 stimulated LH secretion through a mechanism with rapid onset and 
short duration. This fast action of L TC4 was in contrast to the apparently slow 
action of LHRH as seen in our model. Thus, an effect of LHRH on LH release 
was not obvious after incubation for 0.5 hr in our system but was seen after 3 hr. 
At this time interval, a marked effect was observed with high concentrations of 
LHRH (10-6 M), but at 10-9 M, the increase of LH levels was only about 70%, 
i.e., less than the effect observed at 0.5 hr with LTC4 at a concentration of 10- 14 

M. These findings suggest that LTC4 is a potent stimulator of LH release. The 
results indicate that L TC4 and LHRH stimulate LH release at least partly through 
different mechanisms. An interesting hypothesis is that LTC4 and LHRH cooperate 
in the control of LH release in that L TC4 may be preferentially responsible for 
initial release and LHRH for a more long-lasting effect. In this context, it is of 
interest that the L TC4-immunoreactive nerve endings in the lateral part of the 
external layer of the median eminence were identical to those containing LHRH 
(Hulting et af., 1985). 

The observation that L TC4 was formed in the cerebellum may have functional 
implications because L TC4 and L TD4 cause a conspicuously prolonged excitation 
of cerebellar Purkinje cells (Palmer et af., 1980, 1981). Taken together, the present 
findings suggest that the leukotrienes may have a role as messengers or modulators 
of neuroendocrine events and central nervous activity. 
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Properties of Prostaglandin
Biosynthesizing Enzymes 

RICHARD J. KULMACZ 

1. INTRODUCTION 

3 

The biosynthetic conversion of the esterified arachidonate in membrane lipids to 
the various eicosanoids can be divided into three stages. First, arachidonate must 
be released from tissue esters as the free acid. It can then react with one of the 
fatty acid oxygenases (the various lipoxygenases and cyclooxygenase are in this 
category) to form a hydroperoxy acid. In the third stage, the intermediate hydro
peroxy acid is chemically modified to furnish the leukotrienes, classical prosta
glandins, thromboxanes, and prostacyclin. 

The fatty acid oxygenases occupy a crucial position in the arachidonate cascade, 
as they catalyze the first committed steps in the pathways to the eicosanoids. 
Information about the regulation of these enzymes would clearly further our un
derstanding of the physiological control of eicosanoid biosynthesis. One important 
feature common to all fatty acid oxygenases examined so far is a requirement for 
lipid hydroperoxide activator. Because the catalytic products are themselves hy
droperoxides, the fatty acid oxygenases show autoaccelerating reaction kinetics. In 
addition, there is the possibility of crossover activation between different fatty acid 
oxygenases in a tissue. 

The biosynthetic enzymes in the PGH synthase branch of the cascade are 
discussed in this chapter in reverse order, first touching on some interesting aspects 
of the PGD, PGE, TXA, and PGI synthases, all of which have PGH as their 
substrate. Prostaglandin H synthase, the enzyme that produces PGH2 from arach
idonic acid, is then considered in more detail. 

RICHARD J. KULMACZ • Department of Biological Chemistry. University of Illinois at Chicago, 
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2. PROSTAGLANDIN D SYNTHASE 

Prostaglandin D synthase has been purified to homogeneity from rat brain and 
spleen. It is interesting to note that whereas both enzymes appear in the cytosolic 
fraction, they differ in physical characteristics and in their response to added glu
tathione. The brain enzyme is a monomer with a molecular weight of about 82,000, 
and its activity is not stimulated by glutathione (Shimizu et al., 1979). On the other 
hand, the native PGD synthase from spleen has an apparent molecular weight of 
34,000. When examined by SDS-polyacrylamide gel electrophoresis, its migration 
indicated a molecular weight of 26,000 (Christ-Hazelhof and Nugteren, 1979). This 
discrepancy is rather large, and it is possible that a subunit of about 8,000 is present 
but migrated out of the gel during electrophoresis. The spleen enzyme is stimulated 
approximately twofold by glutathione. 

3. PROSTAGLANDIN E SYNTHASE 

Prostaglandin E synthase has not yet been purified to homogeneity. Seminal 
vesicles are a rich source of this microsomal protein, which, although it requires 
GSH to catalyze the conversion of PGH to PGE, does not oxidize a detectable 
amount of GSH in the process (Ogino et al., 1977). It is not known whether the 
GSH serves as a direct catalytic intermediary or simply maintains a sulfhydryl group 
on the synthase in a reduced state. 

4. THROMBOXANE A SYNTHASE 

Thromboxane A synthase is an interesting and complex enzyme. Although not 
yet purified to homogeneity, the microsomal enzyme appears to catalyze two distinct 
transformations of PGH2: into thromboxane A2 and, in a reaction that splits off a 
molecule of malondialdehyde, to hydroxyheptadecatrienoic acid (HHT; Yoshimoto 
et al., 1977; Hammarstrom and Falardeau, 1977). Unsaturation at C-5 appears to 
influence the relative rates of the two reactions. Whereas PGH2 is converted to 
HHT and TXA2 at roughly the same rate, PGH1 and a4-PGHI are converted almost 
exclusively to hydroxyheptadecadienoic acid (HHD) and a4-HHD (Hammarstrom, 
1982). 

5. PROSTAGLANDIN I SYNTHASE 

Two alternative catalytic fates ofPGH2 are also a characteristic ofPGI synthase. 
Like TXA synthase, PGI synthase will catalyze the synthesis of MDA and HHT 
as well as its "primary" product, PGI2 (Watanabe et al., 1979). Prostaglandin HI> 
lacking unsaturation at C-5, is converted exclusively to HHD. Prostaglandin syn-



PROSTAGLANDIN-BIOSYNTHESIZING ENZYMES 29 

thase has recently been purified to homogeneity from bovine aorta microsomes by 
DeWitt and Smith (1983). The enzyme has a subunit of molecular weight 52,000. 
Self-inactivation is observed during catalysis by PGI synthase, and activity is also 
lost during incubation with lipid hydroperoxides (DeWitt and Smith, 1983). The 
appearance of the absorbance spectrum of PGI synthase suggests the presence of 
heme. The exact stoichiometry of heme in the protein is not well established, but 
heme has been implicated in catalysis by the apparent coincidence between loss of 
activity (either during catalysis or on incubation with hydroperoxide) and bleaching 
of the chromophore (DeWitt and Smith, 1983). There has recently been some 
speculation (Ullrich et al., 1981; Ullrich and Haurand, 1983), based on spectro
scopic and inhibitor studies on crude preparations, that both TXA synthase and PGI 
synthase are cytochromes P-450, but the matter does not appear to have been 
resolved as yet. 

6. PROSTAGLANDIN H SYNTHASE 

All of the four enzymes just discussed utilize PGH2 as their substrate. I should 
like to tum attention now to the enzyme responsible for the synthesis of PGH2 from 
arachidonic acid and oxygen. 

An examination of the properties of PGH synthase is of importance not only 
to the understanding of how the biosynthesis of the various prostaglandins, throm
boxanes, and prostacyclin are regulated but also because PGH synthase represented 
an accessible model for the study of fatty acid oxygenases. Prostaglandin synthase 
has been purified to homogeneity from ovine and bovine seminal vesicles (Hemler 
et al., 1976; Miyamoto et al., 1976; van der Ouderaa et al., 1977) and can be 
prepared in milligram quantities. The detergent-solubilized enzyme is a dimer of 
two similar 70,000-Da subunits (van der Ouderaa et ai., 1979; Roth et al., 1980) 
and catalyzes both the bis-dioxygenation of arachidonic acid to PGG2 and the 
peroxidative reduction of PGG2 to PGH2 . 

Both enzyme activities of PGH synthase have an absolute requirement for 
heme (Miyamoto et al., 1976; van der Ouderaa et al., 1977). We have recently 
found (Kulmacz and Lands, 1984) that full cyclooxygenase activity is obtained with 
only one heme bound per synthase dimer. This result implies that the two subunits 
are functionally different. 

The two enzymatic activities of PGH synthase also have a requirement for 
hydroperoxide: the cyclooxygenase needs hydroperoxide continuously as activator 
(Hemler and Lands, 1980), and the peroxidase uses hydroperoxide as substrate. 
The requirement of peroxide for activation of the cyclooxygenase and the presence 
of endogenous peroxidase activity in the synthase posed a paradox: How can 
cyclooxygenase activity be expressed in the presence of peroxidase, which can 
potentially remove a necessary cyclooxygenase activator? We suspected that the 
answer lay in a difference between the peroxide concentration needed to effectively 
activate the cyclooxygenase (Kp) and that needed for efficient peroxidase activity 
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(Km). When the relative sensitivities of the cycIooxygenase and peroxidase activities 
to inhibition by an added peroxide scavenger, glutathione peroxidase, were ex
amined, it was found that the peroxidase activity of the synthase was more readily 
suppressed than the cycIooxygenase activity (Kulmacz and Lands, 1983). Further 
analysis of this result allowed calculation of a Kp value of 20 nM for the cycIo
oxygenase and aKm value of 3 /-LM for the peroxidase. This large difference in peroxide 
requirements means that the cycIooxygenase can be activated effectively at peroxide 
levels too low to be removed effectively by the peroxidase. 

We have recently investigated the ability of cyanide to inhibit the peroxidase 
activity of PGH synthase (Kulmacz and Lands, 1985). The inhibition, apparently 
noncompetitive with respect to peroxide, was characterized by a KI value of 0.3 
mM NaCN and probably resulted from liganding of synthase heme by cyanide, 
because the Kd value of the synthase-cyanide complex was determined to be 0.2 
mM (Kulmacz and Lands, 1985). 

Cyanide also has distinct effects on the cycIooxygenase activity of PGH syn
thase and has provided a tool to investigate the process of activation by peroxide. 
The time course of oxygen consumption in a typical control cycIooxygenase reaction 
(Hemler and Lands, 1980) shows a rapid accelerative phase, with the optimal 
velocity reached in about 7 sec, followed by steadily falling velocity as self-inac
tivation sets in. Addition of 20 mM cyanide to such a system resulted (Kulmacz 
and Lands, 1985) in a 90% inhibition of the cycIooxygenase optimal velocity. The 
initial acceleration was retarded, and the optimal velocity was reached only after 
more than 3 min of lag time. The eventual extent of oxygen consumption before 
complete self-inactivation was not appreciably reduced, however, so the presence 
of cyanide seems to have altered the rate-determining step in the reaction mecha
nIsm. 

The slow cycIooxygenase reaction kinetics induced by cyanide appear to be 
related to an impairment of the activation of the cycIooxygenase by hydroperoxide. 
This can be demonstrated by the ability of added hydroperoxide to reverse the 
inhibitory effects of cyanide (Marshall et al., 1984). This graded response of the 
cyanide-inhibited system has furnished an assay for low levels of hydroperoxide 
(Marshall et al., 1984). It has also encouraged us to interpret experimental alterations 
in cycIooxygenase kinetics in terms of changes in the rates of peroxide generation 
and removal and in the activator effectiveness of peroxide. 

The stimulatory effect of phenolic antioxidants on the cycIooxygenase activity 
of PGH synthase can also be related to the activation of the cycIooxygenase by 
peroxide. When the levels of activator peroxide are lowered by glutathione per
oxidase (Hanel and Lands, 1982), or the activator effectiveness of the peroxide is 
decreased by cyanide (Kulmacz and Lands, 1985), the ability of phenol to stimulate 
the cycIooxygenase is lost. Thus, the stimulatory effect of phenolic agents may 
occur by some facilitation of the activation process. 

The reaction kinetics of the cycIooxygenase can also be changed by treating 
the synthase with indomethacin (Fig. 1). In comparison with the control reaction, 
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FIGURE 1. Effect of indomethacin on cyclooxygenase reaction kinetics. The untreated PGH 
synthase (e) or synthase previously incubated with excess indomethacin (A) was injected into 
a reaction mixture containing 0.1 M potassium phosphate (pH 7.2), 1 mM phenol, and 0.1 mM 
arachidonic acid. The concentration of synthase subunit in the reaction was 11 nM. Oxygen 
consumption was monitored with a polarographic oxygen electrode (Rome and Lands, 1975). 

the oxygen consumption time course of the indomethacin-treated enzyme is sluggish 
and prolonged, and the optimal velocity is decreased 97%. The slow kinetics of 
the indomethacin-treated enzyme indicate an impairment of the activation of cyclo
oxygenase and are consistent with a decreased availability of the peroxidase acti
vator. This decreased availability is the expected consequence of the selective 
inhibition of activator generation by indomethacin. Thus, the changes in cyclo
oxygenase reaction kinetics observed in the perturbed systems mentioned above 
can be interpreted in terms of changes in either the availability of activator hydro
peroxide or the relative effectiveness of hydroperoxide as activator. 

The ability to manipulate the cyclooxygenase activity of PGH synthase in vitro 
by changes in activator peroxide availability or effectiveness suggested that similar 
controls might modulate PG biosynthesis in vivo. The results of a preliminary 
examination of the balance between lipid hydroperoxide biosynthetic capacity and 
glutathione peroxidase capacity in several rat tissues are shown in Table I. Pros
taglandin synthetic capacities were derived from the results of Pace-Asciak and 
Rangaraj (1977). The ratio of the hydroperoxide synthetic capacity to glutathione 
peroxidase capacity can be used to give some indication of the availability of 
hydroperoxide in a tissue. A ranking of the tissues with respect to this ratio parallels 
a ranking of their recognized tendencies to form prostaglandins under physiological 
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TABLE I. Rat Tissue Capacities for Synthesis and 
Removal of Lipid Hydroperoxides 

Resident peritoneal cells 
Lung 
Spleen 
Kidney 
Heart 
Liver 

Synthesis 
(mmol PGG2/min per g) 

0.05 
0.09" 
0.07b 

0.02b 
0.02b 
0.03b 

Glutathione 
peroxidase" 

(mmol ROOHImin per g) 

0.7 
4.7 
7.9 
9.2 
8.1 

33.0 

a Glutathione peroxidase was assayed as described by Lawrence et al. (1974). 
b Estimated from Pace-Asciak and Rangaraj (1977). 

Synthesis/removal 

0.07 
0.02 
0.009 
0.003 
0.002 
0.001 

conditions. This correlation supports a role for the tissue peroxide level in the 
modulation of prostaglandin biosynthesis. 

Results from tissue homogenates do not, of course, accurately reflect the 
situation in intact cells, where the subcellular localization of the prostaglandin 
biosynthetic enzymes (which W. L. Smith and A. Garcia-Perez address in Chapter 
4) and of the peroxidases must be considered. It is therefore important for an 
assessment of the role of peroxides in control of eicosanoid biosynthesis to determine 
the actual peroxide levels in vivo. In this regard, we have used the cyanide-inhibited 
cyc100xygenase system to assay the concentration of hydroperoxides in human 
plasma. The average for five separate samples was 0.53 ± 0.21 11M. The fact that 
this concentration is considerably higher than that needed to activate the purified 
cyc100xygenase in vitro serves to emphasize once again the importance of under
standing how the localization of the various fatty acid oxygenases influences the 
ability of their circulating peroxides to reach them and stimulate their activity. 

ACKNOWLEDGMENT. This work has been supported in part by Public Health Service 
grant GM 30509. 

REFERENCES 

Christ-Hazelhof, E., and Nugteren, D. H., 1979, Purification and characterization of prostaglandin 
endoperoxide D-isomerase, a cytoplasmic, glutathione-requiring enzyme, Biochirn. Biophys. Acta 
572:43-51. 

DeWitt, D. L., and Smith, W. L., 1983, Purification of prostacyclin synthase from bovine aorta by 
immunoaffinity chromatography, J. Bioi. Chern. 258:3285-3293. 

Hammarstrom, S., and Falardeau, P., 1977, Resolution of prostaglandin endoperoxide synthase and 
thromboxane synthase of human platelets, Proc. Natl. Acad. Sci. U.S.A. 74:3691-3695. 

Hammarstrom, S., 1982, Biosynthesis and biological actions of prostaglandins and thromboxanes, Arch. 
Biochern. Biophys. 214:431-445. 



PROSTAGLANDIN-BIOSYNTHESIZING ENZYMES 33 

Hanel, A. M., and Lands, W. E. M., 1982, Modification of anti-inflammatory drug effectiveness by 
ambient lipid peroxides, Biochem. Pharmacol. 31:3307-3311. 

Hemler, M., Lands, W. E. M., and Smith, W. L., 1976, Purification of the cyc100xygenase that forms 
prostaglandins, 1. Bioi. Chem. 251:5575-5579. 

Hemler, M. E., and Lands, W. E. M., 1980, Evidence for a peroxide-initiated free radical mechanism 
of prostaglandin biosynthesis, 1. Bioi. Chem. 255:6253-6261. 

Kulmacz, R. 1., and Lands, W. E. M., 1983, Requirements for hydroperoxide by the cyc100xygenase 
and peroxidase activities of prostaglandin H synthase, Prostaglandins 25:531-540. 

Kulmacz, R. 1., and Lands, W. E. M., 1984, Prostaglandin H synthase. Stoichiometry of heme cofactor, 
1. Bioi. Chem. 259:6358-6363. 

Kulmacz, R. 1., and Lands, W. E. M., 1985, Quantitative similarities in the several actions of cyanide 
on prostaglandin H synthase, Prostal?landins 29: 175-190. 

Lawrence, R. A., Sunde, R. A., Schwartz, G. L., and Hoekstra, W. G., 1974, Glutathione peroxidase 
activity in rat lens and other tissues in relation to dietary selenium intake, Exp. Eye Res. 18:563-569. 

Marshall, P. 1., Kulmacz, R. 1., and Lands. W. E. M., 1984, Hydroperoxides, free radicals and 
prostaglandin biosynthesis, in: Oxvl?en Radicals in Chemistry and Biolol?Y (W. Bors, M. Saran. 
and D. Tait. eds.), Walter de Gruyter. Berlin, pp. 299-304. 

Miyamoto, T .• Ogino, N., Yamamoto, S., and Hayaishi, 0., 1976, Purification of prostaglandin 
endoperoxide synthetase from bovine vesicular gland microsomes, 1. Bioi. Chem. 251:2629-2636. 

Ogino, N., Miyamoto, T., Yamamoto, S., and Hayaishi, 0., 1977, Prostaglandin endoperoxide E 
isomerase from bovine vesicular gland microsomes, a glutathione-requiring enzyme, 1. Bioi. Chem. 
252:890-895. 

Pace-Asciak, C. R .. and Rangaraj, G., 1977, Distribution of prostaglandin biosynthetic pathways in 
several rat tissues. Formation of 6-kctoprostaglandin F la , Biochirn. Biophys. Acta 486:579-582. 

Rome, L. H., and Lands, W. E. M .• 1975, Properties of a partially-purified preparation of the pros
taglandin-forming oxygenase from sheep vesicular gland, Prostaglandins 10:813-824. 

Roth, G. 1 .• Siok, C. 1., and Ozols, 1 .. 1980, Structural characteristics of prostaglandin synthetase 
from sheep vesicular gland, 1. Bioi. Chem. 255:1301-1304. 

Shimizu, T., Yamamoto, S., and Hayaishi, 0., 1979, Purification and properties of prostaglandin D 
synthetase from rat brain, 1. Bioi. Chem. 254:5222-5228. 

Ullrich, V., Castle, L., and Weber, P., 1981, Spectral evidence for the cytochrome P450 nature of 
prostacyc1in synthetase, Biochem. Pharmacol. 30:2033-2036. 

Ullrich, V., and Haurand, M .. 1983, Thromboxane synthetase as a cytochrome P450 enzyme, in: 
Advances in Prostaglandin, Thromboxane, and Leukotriene Research, Vol. II (B. Samuelsson, 
R. Paoletti, and P. Ramwell, eds.), Raven Press, New York, pp. 105-110. 

van der Ouderaa, F. 1., Buytenhek, M., Nugteren, D. H., and van Dorp, D. A., 1977, Purification 
and characterization of prostaglandin endoperoxide synthetase from sheep vesicular glands, Biochim. 
Biophys. Acta 487:315-331. 

van der Ouderaa, F. 1., Buytenhek. M., Slikkerveer, F. 1., and van Dorp, D. A., 1979, On the 
haemoprotein character of prostaglandin endoperoxide synthetase, Biochim. Biophys. Acta 572:29-42. 

Watanabe. K., Yamamoto, S., and Hayaishi, 0., 1979, Reactions of prostaglandin endoperoxides with 
prostaglandin I synthetase solubilized from rabbit aorta microsomes, Biochern. Biophys. Res. Com
mun.87:192-199. 

Yoshimoto, T., Yamamoto, S., Okuma, M., and Hayaishi, 0., 1977, Solubilization and resolution of 
thromboxane synthesizing system from microsomes of bovine blood platelets, 1. Bioi. Chern. 
252:5871-5874. 



A Two-Receptor Model for the 
Mechanism of Action of 
Prostaglandins in the Renal 
Collecting Tubule 

WILLIAM L. SMITH and ARL YN GARCIA-PEREZ 

1. INTRODUCTION 

4 

Studies on the mechanism of action of steroid hormones have led to the concept 
that different steroids act through different receptors present in different target cells 
to elicit a common biochemical response, namely, regulation of transcription. One 
might presume that different prostaglandins also operate through different receptors 
to cause some common response. However, this response is still not defined. In 
this chapter we summarize our recent studies on the metabolism and function of 
prostaglandins by the renal collecting tubule (Garcia-Perez and Smith, 1983, 1984). 
Our major focus is to describe the development of a two-receptor model for the 
actions of prostaglandins in these cells. 

Briefly, we propose that prostaglandins operate in the collecting tubule through 
two distinct receptor populations having different specificities to elicit two different 
biochemical responses. Binding of a prostaglandin to one type of receptor (type I) 
leads to the activation of adenylate cyclase and rapid elevation of cAMP levels in 
collecting tubule cells. We suggest that this increase in cAMP leads to inhibition 
of the release of arachidonic acid from phosphoglycerides. Thus, occupancy of this 
type I prostaglandin receptor leads to feedback inhibition of prostaglandin formation. 
A second type of prostaglandin receptor (type II) in collecting tubule cells is coupled 
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to the desensitization of adenyl ate cyclase to circulating hormones. The major 
circulating hormone to which collecting tubules respond is antidiuretic hormone 
(ADH). 

2. RESULTS AND DISCUSSION 

2.1. Renal Collecting Tubules as a Model for Studies of the 
Mechanism of Prostaglandin Action 

We begin our discussion of the mechanism of action of prostaglandins in 
collecting tubules by indicating why these cells are an appropriate model for looking 
at a physiological action of prostaglandins. Diagrammed in Fig. 1 are the major 
functional units of the kidney and the cellular sites at which prostaglandins are 
formed by the kidney. The renal collecting tubule is the terminal part of the tubule. 
Immunocytochemical studies in our laboratory (Smith and Bell, 1978; Smith et ai., 
1979) and microdissection studies by Currie and Needleman (1982) have demon
strated that the thin limb and the collecting tubule are the only sites of prostaglandin 
synthesis in the renal tubule. Thus, collecting tubules are clearly capable of pro
ducing prostaglandins. 

Early studies by Grantham and Orloff (1968), which have since been confirmed 
by many other workers (Handler and Orloff, 1981), have established that addition 
of low concentrations of PGE2 (ca. 10-9 M) inhibits the hydroosmotic effect of 
ADH on rabbit cortical collecting tubules in vitro. That is, treatment of isolated 
perfused collecting tubules with PGE2 prevents the ADH-induced transcellular 
movement of water from the lumen of the tubule to the surrounding interstitium. 
This hydroosmotic effect of ADH is known to be mediated by cAMP (Handler and 
Orloff, 1981). However, Grantham and Orloff demonstrated that PGE2 does not 
prevent the hydroosmotic effect of cAMP itself, suggesting that PGE2 inhibits ADH
induced cAMP formation. Paradoxically, Grantham and Orloff found that high 
concentrations of prostaglandins (ca. ~1O-7 M), when used alone, actually cause 
a hydroosmotic effect in rabbit collecting tubules. 

Inhibition of the hydroosmotic response to ADH by PGE2 is not simply a 
pharmacological curiosity observed with isolated perfused tubules but also appears 
to occur in vivo. Animals treated with cyclooxygenase inhibitors or subjected to 
essential fatty acid deficiency produce a hyperosmotic urine (Anderson et al., 1975; 
Fejes-Toth et ai., 1977; Hansen, 1981). Moreover, the medullas of rats fed with 
cyclooxygenase inhibitors contain elevated levels of cAMP (Lum et al., 1977). 
One would expect these results if no prostaglandins were being produced by the 
collecting tubule to blunt the cAMP-elevating effect of ADH. The fact that collecting 
tubules form prostaglandins, coupled with evidence that prostaglandins inhibit the 
hyroosmotic response of ADH both in isolated tubules and in intact animals, argues 
strongly that prostaglandins normally playa physiological role in modulating the 
response of collecting tubule cells to ADH. 
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FIGURE 1. Renal sites of prostaglandin synthesis (colored in black). G, glomerulus; IA, inter
lobular artery; AA, afferent arteriole; EA, efferent arteriole; PCT, proximal convoluted tubule; 
PR, pars recta; DTl, descending thin limb; ATl, ascending thin limb; MTAl, medullary thick 
ascending limb; CTAl, cortical thick ascending limb; OCT, distal convoluted tubule; CCT, cortical 
collecting tubule; MCT, medullary collecting tubule; PCT, papillary collecting tubule; IC, interstitial 
cells. (From Smith et a/., 1983). 

2.2. Isolation and Properties of Canine Cortical Collecting 
Tubule Cells 

In order to study ADH-prostaglandin interactions at the biochemical level, it 
is necessary to have large numbers of collecting tubule cells. We have obtained 
large and homogeneous populations of canine cortical collecting tubule (CCCT) 
cells by immunodissection (Fig. 2; Garcia-Perez and Smith, 1983, 1984). We first 
developed a rat lymphocyte-mouse myeloma hybrid cell line (cct-l) that secretes 
a rat IgG2c that interacts with the cell surface of canine collecting tubule cells but 
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FIGURE 2. Procedure for the isolation of canine cortical collecting tubule cells using rat anti
canine collecting tubule monoclonal antibodies (secreted by cct-1). Intact cortical tissue is 
dispersed by treatment with collagenase to yield a mixture of cortical cells, which are fractionated 
by differential adherence to the antibody-coated culture dish. (From Smith et al., 1983.) 

not other renal cells. We then coated plastic tissue culture plates with the anti
collecting tubule antibodies secreted by eet-l, and we have used these antibody
coated dishes to selectively remove collecting tubule cells from heterogeneous 
single-cell dispersions prepared from the renal cortex (Fig. 2). 

Isolated CCCT cells can be grown in culture and retain their major differentiated 
properties under culture conditions (Garcia-Perez and Smith, 1983). The CCCT 
cells exhibit a histochemical and immunohistochemical staining pattern character
istic of that seen with collecting tubules in cryotome sections of intact kidney. 
Moreover, CCCT cells form cAMP in response to ADH and isoproterenol but not 
other renal hormones, and CCCT cells form prostaglandins in response to both 
bradykinin and ADH. 
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FIGURE 3. A CCCT cell monolayer system for studying functional asymmetry of the cortical 
collecting tubule. The CCCT cells seeded on a Millipore'" filter bonded to a hollow polycarbonate 
cylinder form a confluent cell monolayer with distinct apical and basolateral surfaces. The 
chamber stands on three legs in a culture dish. The three criteria routinely used to establish 
the functional polarity of these chambers (i.e., transcellular potential differences, impermeability 
to inulin, and asymmetry of AVP-induced cAMP formation) are depicted. (From Garcia-Perez 
and Smith, 1984.) 

When seeded at confluency on Millipore@ filters (Fig. 3), CCCT cells develop 
a transcellular potential difference of 1 m V (lumen side negative) and are essentially 
impermeable to either inulin or PGE2 (Garcia-Perez and Smith, 1984). When ex
amined by transmission electron microscopy, CCCT cells on Millipore@ filters are 
found to have microvilli on their apical (luminal) surface. In addition, CCCT cells 
form cAMP in response to ADH added to the basolateral but not the apical side of 
the cell. Moreover, CCCT cells form prostaglandins in response to bradykinin added 
to the apical but not the basolateral side of the cell. The major prostaglandin formed 
by these cells is PGE2 . Overall, then, this CCCT cell system retains the expected 
differentiated properties of the collecting tubule and is a reasonable model system 
for studying the function and metabolism of prostaglandins in the collecting tubule. 

2.3. Prostaglandin-ADH Interactions in CCCT Cells 

In the experiment depicted in Fig. 4, we measured the level of cAMP in the 
media bathing the apical and basolateral surfaces of CCCT cells on Millipore@ 
filters following a 60-min incubation with lO-6 M A VP added to either the apical 
or basolateral surface of the monolayer. As mentioned earlier, the results indicate 
that A VP works only from the basolateral surface to cause cAMP release. 

As shown in Fig. 5, PGE2 , unlike AVP, causes cAMP release from CCCT 
cells when added to either the apical or basolateral surface of the cells. Half-maximal 
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FIGURE 4. Sided ness of DDAVP 
effect on cAMP release from CCCT 
cell monolayers on Millipore® fil
ters. Indicated on the horizontal axis 
is the side of release of cAMP. A, 
apical; Bl, basolateral. The bars 
indicate the release in response to 
no effector or to 1 ()-6 M DDAVP 
added to either the apical (A) or 
basolateral (Bl) side of the mon
olayer. The data represent the 
mean of six chambers. All treat
ments were at 37" for 60 min in the 
presence of 10-4 M IBMX. Extra
cellular cAMP was measured by 
radioimmunoassay. 'Significantly 
different from control values (Le., 
absence of DDAVP) (P < 0.05). 
(From Garcia-Perez and Smith, 
1984.) 

increases in cAMP release occurred with 5 x 10--8 M PGE2. We would like to 
emphasize that at concentrations of ~lo--1O M, PGE2 had no detectable effect on 
cAMP release in this CCCT cell system. 

Figure 6 illustrates what happens if we add both A VP and 10--10 M PGC2 to 
the CCCT cell monolayer. Vasopressin, in this case at a concentration of 10--8 M, 
when added to the basolateral surface of the monolayer causes its usual two- to 
threefold increase in cAMP release. Although 10--10 M PGE2 has no independent 
effect on cAMP release, 10--10 M PGE2 completely inhibits A VP-induced cAMP 
release. In the experiment depicted in Fig. 6, we measured extracellular cAMP, 
but we have obtained essentially the same results when measuring intracellular 
cAMP levels. In addition, although PGE2 was added to both sides of the CCCT 
cell monolayer in this experiment, PGE2 will actually operate from either side of 
the monolayer to inhibit A VP-induced cAMP formation. 

Several prostaglandins other than PGE2 will cause inhibition of A VP-induced 
cAMP formation by CCCT cells. Among these is PGF2u . PGF2u at concentrations 
of 10--12 M or greater causes inhibition of A VP-induced cAMP formation. This 
turns out to be a very important observation. Although PGF2u is as effective as 
PGE2 in inhibiting A VP-induced cAMP formation, PGF2u, unlike PGE2, does not 
activate adenylate cyclase even at high concentrations. We also mention that we 
have found in preliminary experiments that PGD2 will activate the CCCT cell 
adenylate cyclase but that PGD2 does not appear to inhibit A VP-induced cAMP 
formation. 

Thus, an inhibitory response can be produced by comparable concentrations 
of PGE2 or PGF2u but not PGD2, whereas PGE2 and PGD2 but not PGF2u will 
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FIGURE 5. Sided ness of PGE2 effect on cAMP release from CCCT cell monolayers on Millipore® 
filters. The bars indicate the amount of extracellular cAMP measured on the apical (A) or the 
basolateral (Bl) side of cell mono layers following treatment with no effector or with 1 ~ M PG E2 
added to the apical (A) or basolateral (Bl) side. The data represent the mean of six chambers. 
All treatments were performed at 37° for 60 min in the presence of 10-4 M IBMX. Extracellular 
cAMP was measured by radioimmunoassay. ·Significantly different from control values (Le., 
absence of PGE2) (P < 0.05). (From Garcia-Perez and Smith, 1984.) 

activate the adenylate cyclase of CCCT cells. In essence, there are two.types of 
responses presumably coupled to two classes of prostaglandin receptors in CCCT 
cells. One receptor (type I) is coupled to the activation of the adenyl ate cyclase, 
and another (type II) is coupled to the desensitization of these cells to the cAMP
elevating effect of A VP. 

In the inhibition experiment depicted in Fig. 6, the cells were actually prein
cubated with PGE2 for 60 min prior to the addition of A VP. This preincubation is 
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FIGURE 6. Inhibition by PGE2 of DDAVP-induced cAMP release from CCCT cell monolayers 
on Millipore® filters. Each bar represents the amount of cAMP measured on the apical (A) or 
basolateral (Bl) side of the CCCT cell monolayer following treatment with (a) 1O-S M DDAVP 
added to the basolateral side, (b) 10-8 M DDAVP (added to the basolateral side) plus 10-10 M 
PGE2 (added to both sides), or (c) no effector. All samples were preincubated for 60 min at 370 ; 

PGE2 was added for the duration of the preincubation period to samples that were to be treated 
with PG E2• All other samples were preincubated with buffer alone. At the end of the preincubation 
period, the medium was removed, and the monolayers were incubated for an additional 60 min 
at 370 with the effectors indicated. Following this incubation period, the media from the two 
sides were removed and assayed for cAMP by radioimmunoassay. All treatments were per
formed with triplicate chambers in the presence of 10""' M IBMX. ·Significantly different from 
control values (P < 0.05). (From Garcia-Perez and Smith, 1984.) 
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essential for the development of the inhibitory response. For example, CCCT cells 
must be preincubated for 10-20 min with 10-11 M PGE2 before the inhibitory effect 
of PGE2 on A VP-induced cAMP formation is expressed. In contrast, 10-6 M PGE2 

acts within 2 min to increase cAMP levels in CCCT cells. 
Figure 7 summarizes our current concepts of prostaglandin-ADH interactions 

in CCCT cells. Vasopressin induces PGE2 formation. Newly formed prostaglandins 
are released on both sides of the cell monolayer. Prostaglandin E2 can then have 
two effects. One effect, caused by interaction with a type I prostaglandin receptor, 
is to activate adenylate cyclase. This effect occurs within 2 min and leads to the 
elevation of cAMP in CCCT cells. We suggest that the physiological function of 
this adenylate cyclase activation is to inhibit prostaglandin production. We have 
not tested this concept in CCCT cells per se, but the elevation of cellular cAMP 
levels has been shown to inhibit prostaglandin formation in platelets, foreskin 
fibroblasts, and MDCK cells (Minkes et at., 1977; Hopkins and Gorman, 1981; 
Hassid, 1982). Moreover, the fact that collecting tubules and thin-limb cells are 
the only renal tubule cells that form prostaglandins (Smith and Bell, 1978; Smith 
et at., 1979; Currie and Needleman, 1982) and also the only renal tubule cells that 
respond to prostaglandins to form cAMP (Torikai and Kurokawa, 1981) suggests 
that only cells that synthesize prostaglandins have a prostaglandin-responsive aden
ylate cylase. 

A second response of CCCT cells to newly formed PGE2 is inhibition of A VP
induced cAMP formation. We propose that this action results from binding of 
prostaglandins to a type II receptor. We have not yet investigated the biochemical 
mechanism for this inhibitory effect of prostaglandins. However, the net result is 

FIGURE 7. Two-receptor model for the ac
tion of PGE2 on the cortical collecting tubule. 
ADH, antidiuretic hormone; AC, adenylate 
cyclase. 
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analogous to that seen in the heterologous desensitization of adenylate cyclase 
studied by Kassis and Fishman (1982) in human fibroblasts and by Garrity, Rob
ertson, and co-workers (1983) in liver tissue. In these two instances, prostaglandins 
appear to modify a guanine-nucleotide-binding protein(s) in such a way that inter
actions between hormone-receptor complexes and the adenylate cyclase catalytic 
unit are impaired. 

As mentioned earlier, the activation of adenylate cyclase by PGE2 occurs within 
2 min, when one can first consistently measure increases in cAMP. However, the 
desensitization process requires 10-20 min to develop in the presence of low PGE2 

concentrations. 
Desensitization systems are not restricted to prostaglandin-forming cells. For 

example, PGE2 inhibits ADH-induced cAMP synthesis by the medullary thick limb 
of Henle's loop (Torikai and Kurokawa, 1983), a region of the nephron that does 
not form prostaglandins. The thick limb is adjacent to the collecting tubule in the 
kidney and probably responds to prostaglandins formed by the collecting tubule. 

3. SUMMARY 

We have presented evidence suggesting that there are two functional classes 
of prostaglandin receptors (type I and type II) in the renal collecting tubule. Type 
I receptors are coupled to adenylate cyclase activation. We propose that this type 
of receptor is found only in prostaglandin-forming cells and that occupancy of this 
receptor leads to feedback regulation of prostaglandin synthesis. Type II receptors 
present in collecting tubule cells are somehow coupled to events that lead to the 
desensitization of these cells to ADH. 
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Prostaglandin Endoperoxide 
Synthase from Human Cell 
Line Lu-65 

NOREEN J. HICKOK, MARY ALOSIO, and 
RICHARD S. BOCKMAN 

1. INTRODUCTION 

5 

In this chapter, we present our data on the isolation and properties of prostaglandin 
endoperoxide synthase (PES; E. C. 1.14.99. 1) from a human cell line . This enzyme 
has been isolated and purified to homogeneity in other species; partially purified 
human platelet PES that retained activity has been prepared by DEAE-chromatog
raphy (Hammarstrom and Falardeau, 1977) and has been purified to near-homo
geneity (Ho et al., 1980). In other studies, an inactive human platelet PES has been 
identified by SDS-PAGE (Roth and Majerus, 1975). Preliminary data on the char
acterization of this PES from a human cell line, Lu-65, is presented. 

The prostaglandins (PGs) are a family of Czo fatty acids formed through action 
of a membrane-bound enzyme complex, PG synthase (Samuelsson, 1972). In intact 
cells, the predominant precursor of PGs is arachidonic acid, which is found as a 
constituent of phospholipids. A heterogeneous group of enzymes known collectively 
as phospholipases cleaves arachidonic acid from phospholipids (Flower and Black
well, 1976). The free arachidonate may then be cyclized by PES to form the short
lived intermediates PGGz and PGHz. Specific isomerases are final-stage enzymes 
that determine the specific PG products. 

Prostaglandin endoperoxide synthase was first purified from bovine seminal 
vesicles (Miyamoto et al., 1976), closely followed by purification from ram seminal 
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vesicles (RSV) (Hemler et at., 1976; van der Ouderaa et at., 1977). Human PES 
was solubilized from platelets, and the enzymic activity recovered after DEAE
chromatography (Hammarstrom and Falardeau, 1977) or after isoelectric focusing, 
gel filtration, and hydrophobic chromatography (Ho et at., 1980). The purified 
enzymes were found to have two activities that copurified, suggesting that both 
activities resided within one protein unit (Miyamoto et at., 1976). The first activity 
was a cyclooxygenase, which formed the cyclopentane intermediate PGG2 . In this 
latter step, the enzyme also catalyzed the addition of two oxygen molecules to 
arachidonic acid, forming a cycloendoperoxide between C-9 and C-ll and a hy
droperoxide at C-15. Through labeling studies, Samuelsson (1965) demonstrated 
that the cycloendoperoxide was formed from molecular oxygen. The cyclooxygen
ase required heme iron as a cofactor (Miyamoto et at., 1976; Hemler et at., 1976; 
van der Ouderaa et at., 1977). 

The second catalytic activity of PES was a hydroperoxidase. In this step, the 
hydroperoxy at C-15 of PGG2 was reduced to a hydroxy, forming the cycloendo
peroxide PGH2 . Heme iron was required for this activity. Radical scavengers such 
as hydroquinone and phenol were found to augment hydroperoxidase activity (Mi
yamoto et at., 1976). 

Incubation of the PES with aspirin acetylated the enzyme, irreversibly inhib
iting the cyclooxygenase activity. Other nonsteroidal antiinflammatory agents such 
as indomethacin were reversible inhibitors of PES cyclooxygenase. None of these 
agents affected the hydroperoxidase activity (Miyamoto et at., 1976). [3H]Acetylaspirin 
treatment of PES resulted in covalent binding of the [3H]acetyl moiety to the active 
site of the enzyme, providing a specific label for PES (Roth and Majerus, 1975). 
By this reaction, human platelets were labeled with eH]acetylaspirin, the human 
platelet PES was solubilized from the membrane by boiling in sodium dodecyl 
sulfate (SDS) and fractionated by SDS-polyacrylamide electrophoresis (PAGE), 
and the inactive, partially purified human platelet PES was visualized by autora
diography (Roth and Majerus, 1975). Subsequent structural studies using RSV -PES 
labeled with [3H]acetylaspirin demonstrated a molecular weight of 70,000 for the 
monomer and identified the enzyme protein as a dimer of identical monomers in 
Tween-20 solution (Roth et at., 1980). [3H]Acetylated PES from RSV digested 
with pepsin have permitted the isolation of fragments containing the [3H]acetyl 
moiety. This peptide has been purified by high-pressure liquid chromatography 
(HPLC), and the active site sequenced, revealing the primary structure of the critical 
region in RSV PES (Roth et at., 1983). 

Spin-resonance studies showed that a radical was formed by PES during ar
achidonic acid metabolism (Egan et ai., 1979). Radical formation during prosta
glandin synthesis has several biological consequences, including cooxygenation of 
a host of endogenous and exogenous molecules that could act as radical acceptors. 
The PES may itself be affected, with the possibility that the observed autoinacti
vation of PES is a consequence of radical attack (Egan et at., 1976). In fact, in 
the presence of heme alone, radical formation (Egan et at., 1976) and rapid in
activation of PES activity are seen (Hemler and Lands, 1980). When phenol was 
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added to the reaction, the EPR signal representing radical formation was greatly 
diminished. Furthermore, PES showed a time-dependent activation in the presence 
of phenol (Egan et al.. 1976), which also caused a substantial stabilization of the 
labile enzyme to the point that PES in 25 IJ.M hematin and I mM phenol could be 
left on the benchtop overnight with little loss of activity (Hemler and Lands, 1980). 
Therefore, it was evident that PES activity could be regulated by the careful selection 
of cofactors. 

2. METHODS 

Several years ago, we had established a human lung tumor cell line, Lu-65, 
that was noted to produce large amounts of PGE2 (Bockman et al., 1983). We set 
about to purify the enzyme in order to elucidate the nature of the controls of PES 
in this system. Our purification scheme initially followed the procedure of van der 
Ouderaa et al. (1977). We have since modified the procedure to maximize the yield 
of active enzyme. To optimize this purification scheme, autoinactivation of PES 
had to be minimized. van der Ouderaa et al. (1977) had added Na2EDT A to all 
buffers to inhibit calcium-dependent phospholipases and thereby block arachidonic 
acid release from phospholipids. They also used diethyldithiocarbamic acid (DDC) 
in millimolar concentrations throughout the solubilization steps in an effort to inhibit 
PES activity, which would ensure that radical formation did not occur. To stabilize 
the labile PES, we added DDC and EDT A as well as supplementing all buffers 
during the solubilization steps with 25 f.LM heme and I mM phenol (Hemler and 
Lands, 1980). 

During the PES purification, enzyme activity was followed by measuring the 
hydroperoxidase-mediated reduction of tetramethyl-p-phenylenediamine in the pres
ence of 1.7 mM heme and H20 2 (van der Ouderaa et ai., 1977). Indomethacin
inhibitable oxygen consumption (the utilization of molecular oxygen during cycli
zation of arachidonic acid by the cyclooxygenase activity) was used to confirm that 
the hydroperoxidase activity we were following also possessed a cyclooxygenase 
activity. The work discussed in this chapter represents the results of several puri
fications. 

As PES is a membrane-bound enzyme, homogenization followed by differential 
centrifugation was used to remove the majority of contaminating protein. The 
enzyme was solubilized from the sedimented membrane with 1% Tween-20. In our 
early purifications, the solubilized PES was first applied to an AcA-34 gel filtration 
column equilibrated with the heme-phenol buffer, and the active fractions were 
pooled and then separated on a DE-52 anion exchange column. In this procedure, 
an unacceptable amount of peroxidase activity was lost during the AcA-34 column 
chromatography. Therefore, in the subsequent purifications, the solubilized enzyme 
was first fractionated by DE-52 column chromatography in the hope that absorption 
on the anion exchanger would stabilize the activity. This proved to be the case, 
with a twofold increase in the yield of hydroperoxidase activity. The elution profile 
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of this DE-52 column is shown in Fig. 1. Two peaks (1 and 2) of peroxidase activity 
were eluted-peak 1 eluted at 600 mM Tris-HCI, and peak 2 at I M Tris-HCI. 
Both peaks possessed cyclooxygenase activity as determined by O2 consumption 
measured with a Clark oxygen electrode. The two peaks were then fractionated on 
a calibrated AcA-34 column that was eluted with 50 mM Tris-HCI containing 0.1 % 
l3-octylglucoside. Peak 1 eluted as a single peak of approximately 115,000 daltons, 
and peak 2 eluted as a single protein band at approximately 70,000 daltons. Only 
the peak 1 material had cyclooxygenase activity that was inhibited by indomethacin. 
Peak 2 showed only slight inhibition by indomethacin and may not be a PES. 
Therefore, all further experiments were performed with peak 1 material. 

To confirm that the peak 1 activity metabolized arachidonic acid to PGH2 or 
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FIGURE 1. Fractionation of Lu-65 PES on DE52. Lu-65 PES was applied to a DE52 column 
(3 cm x 25 cm) in 50 mM Tris-HCI, 25 fLM hematin, 1 mM phenol, pH 8.0, containing 0.1 mM 
Na2EDTA, 0.1 % Tween-20, and 0.01 % NaN3 and washed with the same buffer without hematin 
and phenol. The ionic strength of the column was raised by a linear gradient from 50 mM to 
200 mM Tris-HCI, pH 8.0, containing the same additives as the washing buffer, and the PES 
activity eluted with a linear gradient from 200 mM Tris-HCI to 1 M Tris-HCI with the above 
additives. Absorbance at 280 nm (- -) was used to follow protein elution, hydroperoxidase 
activity (-) indicated the PES active fractions, and conductance (-) was used to monitor 
the progress of the gradient. Two peaks of peroxidase activity eluted (1 and 2) and were 
incubated with arachidonic acid and indomethacin to confirm cyclooxygenase as well as 
hydroperoxidase activity. 
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its hydrolysis products, the peak I material was incubated with [3H]arachidonic 
acid in the presence of 50 nM heme and 5.8 /J-M hydroquinone. The supernatants 
were extracted using CIS Sep-paks® (Powell, 1980), and those products eluting in 
the prostaglandin fraction were further separated by reverse-phase HPLC (Terragno 
et at., 1981) (Fig. 2). Two peaks of radioactive metabolites were found. The first 
peak was formed under enzyme-free conditions and probably comprised reactive 
impurities in the arachidonic acid. The second peak encompassed the elution vol
umes of authentic PGD2 and PGE2 standards. Formation of these two prostaglandins 
would be in keeping with nonenzymatic breakdown of the primary PES product, 
PGH2 • 

When we measured the pH dependence of the cyclooxygenase, the PES from 
Lu-65 showed no enzyme activity below pH 6, with peak activity at pH 8, No 
enzymatic activity above pH 9.5 was measurable. Therefore, in its pH profile, the 
Lu-65 human PES shows the same pH dependence as human platelet PES (Ho et 
at., 1980) and is similar to PES from RSV. 

Roth and Majerus (1975) fractionated their [3H]acetylated human platelet PES 
on SDS-PAGE, obtaining a molecular weight of 80,000; fractionation of the purified 
human platelet PES was in agreement with this molecular weight (Ho et at., 1980). 
The isolated Lu-65 enzyme from the initial purification procedure (AcA-34 column 
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FIGURE 2. Elution of [3H)arachidonic acid metabolites by HPLC. A: [3H)Arachidonic acid me
tabolites formed in the presence of 38.5 units of peroxidase activity ( 1 unit = the consumption 
of 1 x 10-9 mol H20 2/min) and cofactors (100 nM hematin, 5.7 11M hydroquinone), followed by 
extraction of prostaglandin products by C18 Sep-Paks (Powell, 1980) and isocratic fractionation 
using reverse-phase HPLC (Terragno et al., 1981). Authentic PGE2 and PGD2 standards elute 
between 9 and 11 min. B: Incubation of [3H)arachidonic acid under the same conditions in 
enzyme-free buffer. 
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chromatography followed by DEAE-chromatography) was fractionated on a 9% gel 
by SDS-PAGE under reducing conditions using the discontinuous buffer system of 
Laemmli (1970). Under these conditions, two major protein bands were visualized 
by Coomassie blue staining. Based on protein standards in adjacent lanes, the PES 
derived from Lu-65 had molecular weights of 68,000 and 45,000. 

We iodinated peak 1 material and immunoprecipitated the iodinated protein 
with anti-RSV PES using precipitation with Staph. A (Kessler, 1981). The iodinated 
protein that was bound by the anti-RSV PES antibody was then fractionated on a 
9% gel by SDS-PAGE under reducing conditions and the protein bands visualized 
by autoradiography (Bonner and Lasky, 1974) (Fig. 3). One specific band at 45,000 
daltons was precipitated. This could correspond to the lower-molecular-weight band 
seen after Coomassie blue staining in the nonradiolabeled preparation. In other 
experiments, we metabolically labeled Lu-65 cells with [14C]mixed amino acids 
(Amersham), solubilized the labeled enzyme using the procedure outlined for pu
rification, and immunoprecipitated the [14C]Lu-65 PES with anti-RSV PES followed 
by Staph. A treatment. The immunoprecipitated protein was fractionated under 
reducing conditions on 9% SDS-PAGE, and the protein visualized by autoradiog
raphy. Again, the band at 45,000 daltons showed greater density in the immune 
than nonimmune serum; however, a unique band was visualized at 68,000 daltons, 
corresponding to the higher-molecular-weight band seen after Coomassie blue stain
ing. We are presently performing competition experiments with RSV PES and 
labeling Lu-65 PES with [3H]acetylaspirin to determine whether the 45,000-dalton, 
the 68,000-dalton, or both bands are the human PES. We are also exploring the 
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FIGURE 3. Fractionation of [12511Lu·65 PES by SDS-PAGE under 
reducing conditions. Lu-65 PES was iodinated, and the labeled PES 
immunoprecipitated with rabbit antiserum. Molecular weight markers 
are as indicated. Column 1: Immunoprecipitation of Lu-65 PES by 
rabbit anti-RSV PES. Column 2: Immunoprecipitation of Lu-65 PES 
by rabbit nonimmune serum. Only one specific band at approximately 
45,000 daltons was immunoprecipitated, corresponding to the lower
molecular-weight band seen by Coomassie brilliant blue staining 
(data not shown). 
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possibility that this 45 ,OOO-dalton peak represents an active enzyme cleavage product 
of a larger molecule. 

The visible spectrum of Lu-65 PES from peak 1 was compared with that of 
RSV PES. In the presence of 5 nM heme, the visible spectra for both enzymes 
were identical. Of particular note was the absorption band at 420 nm, which was 
consistent with PES being a heme-containing protein. 

Kulmacz and Lands (1982) observed that RSV PES was inactivated by trypsin 
and that the addition of exogenous heme protected RSV PES from trypsin inacti
vation. The PES from Lu-65 appeared to differ from the RSV enzyme in that the 
hydroperoxidase activity was augmented by the presence of heme or trypsin and 
that maximal augmentation occurred in the presence of both agents. In our hands, 
the hydroperoxidase activity of RSV PES showed no change or was inhibited in 
the presence of heme or trypsin. No change in RSV PES activity was noted in the 
presence of both agents. 

Another difference in the properties of the human enzyme was observed in its 
substrate affinity. We calculated the Km for arachidonic acid of RSV cyclooxygenase 
and Lu-65 cyclooxygenase from the Lineweaver-Burk plots. In 0.1 M tris-HCl, 
pH 8.0, containing 100 nM heme and 5.8 IJ.M hydroquinone, we measured the Km 
for RSV cyclooxygenase to be in the low micromolar concentration. van der 
Ouderaa (1982) reported a similar value of 15 IJ.M for the RSV cyclooxygenase. 
In contrast, the calculated Km for Lu-65 cyclooxygenase fell in the millimolar range. 

As this is clearly not a physiological K m , two possibilities are being explored. 
The first possibility to explain the large Km is that an effector molecule is present 
in the cell that causes lowering of the Lu-65 PES Km. To test this hypothesis, we 
measured the Km for cyclooxygenase activity in a crude membrane fraction from 
the cell homogenate. The Km under these conditions still fell in the millimolar range; 
therefore, we could not detect a lower Km for the PES in a crude microsomal 
membrane preparation. We are currently testing the crude homogenate. The second 
possibility to explain this large Km is that through proteolysis part of the enzyme 
was cleaved, leaving a viable enzyme but one with a decreased efficiency metab
olizing arachidonic acid. However, when deWitt et al. (1981) exposed membrane
bound RSV PES to different proteases, they found that proteolytic cleavage was 
accompanied by inactivation of the cyclooxygenase activity. It is possible that the 
human and the ovine PES could have different proteolytic sensitivities and that 
proteolytic cleavage of the Lu-65 PES could explain the mixed apparent molecular 
weights seen in the reducing SDS-PAGE gels. Through the use of protease inhibitors 
during homogenization and solubilization, we hope to determine whether the human 
PES molecule has been degraded by endogenous proteases. 

3. SUMMARY 

In summary, we report the purification of PES from a human cell line. This 
PES shows the same pH dependence as RSV PES and human platelet PES, has the 
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same absorption spectrum as RSV PES, and could be shown to metabolize 
[3H]arachidonic acid to appropriate [3H]prostaglandin products. The PES from Lu-
65 has a different apparent molecular weight by gel filtration, has a different 
sensitivity to trypsin, and has a Km several orders of magnitude larger than that 
measured for RSV PES. Whether this human PES is an active proteolysis product 
or is a protein that requires an effector molecule to lower its Km to a physiological 
range is not clear at this time. However, our data would suggest that purified Lu-
65 PES differs in several of its properties from RSV PES. 

REFERENCES 

Bockman, R. S., Bellin, A., Repo, M. A., Hickok, N. J., and Kameya, T., 1983, In vivo and in vitro 
biologic activities of two human cell lines derived from anaplastic lung cancers, Cancer Res. 
43:4571-4576. 

Bonner, W. M., and Laskey, R. A., 1974, A film detection method for tritium-labelled proteins and 
nucleic acids in polyacrylamide gels, Eur. J. Biochem. 46:83-88. 

Egan, R. W., Paxton, J., and Kuehl, F. A., Jr., 1976, Mechanism for irreversible self-deactivation of 
prostaglandin synthetase, J. Bioi. Chem. 251:7329-7335. 

Egan, R. W., Gale, P. H., and Kuehl, F. A., Jr., 1979, Reduction of hydro peroxides in the prostaglandin 
synthetic pathway by a microsomal peroxidase, J. Bioi. Chem. 254:3295-3302. 

Egan, R. W., Gale, P. H., Beveridge, G. C., Marnett, L. J., and Kuehl, F. A., Jr., 1980, Direct and 
indirect involvement of radical scavengers during prostaglandin biosynthesis, Adv. Prostaglandin 
Thromboxane Res. 6:153-155. 

Flower, R. J., and Blackwell, G. J., 1976, The importance of phospholipase A2 in prostaglandin 
biosynthesis, Biochem. Pharmacal. 25:285-291. 

Hammarstriim A., and Falardeau, P., 1977, Resolution of prostaglandin endoperoxide synthase and 
thromboxane synthase of human platelets, Proc. Natl. Acad. Sci. U.S.A. 74:3691-3695. 

Hemler, M. E., and Lands, W. E. M., 1980, Protection of cyclooxygenase activity during heme-induced 
destabilization, Arch. Biochem. Biophys. 201:586-593. 

Hemler, M. E., Lands, W. E. M., and Smith, W. L., 1976, Purification of the cyclooxygenase that 
forms prostaglandins. Demonstration of two forms of iron in the holoenzyme, J. Bioi. Chem. 
251:5575-5579. 

Ho, P. P. K., Towner, R. D., and Esterman, M. A., 1980, Purification and characterization of fatty 
acid cyclooxygenase from human platelets, Prep. Biochem. 10:597-613. 

Kessler, S. W., 1981, Use of protein A-bearing staphylococci for the immunoprecipitation and isolation 
of antigens from cells, Methods Enzymol. 73:442-459. 

Kulmacz, R. J., and Lands, W. E. M., 1982, Protection of prostaglandin synthase from trypsin upon 
binding of heme, Biochem. Biophys. Res. Commun. 104:758-764. 

Laemmli, U. K., 1970, Cleavage of structural proteins during the assembly of the head of bacteriophage 
T4, Nature 227:680-685. 

Miyamoto, T., Ogino, N., Yamamoto, S., and Hayaishi, 0., 1976, Purification of prostaglandin 
endoperoxide synthetase from bovine vesicular gland microsomes, J. Bioi. Chem. 251:2629-2636. 

Powell, W. S., 1980, Rapid extraction of oxygenated metabolites of arachidonic acid from biological 
samples using octadecylsilyl silica, Prostaglandins 20:947-957. 

Roth, G. J., and Majerus, P. W., 1975, The mechanism of the effect of aspirin on human platelets. I. 
Acetylation of a particulate fraction protein, J. Clin. Invest. 56:624-632. 

Roth, G. J., Siok, C. J., and Ozols, J., 1980, Structural characteristics of prostaglandin synthetase 
from sheep vesicular gland, J. Bioi. Chem. 255:1301-1304. 



PROSTAGLANDIN ENDOPEROXIDE SYNTHASE 55 

Roth, G. J., Machuga, E. T., and Ozols, J., 1983, Isolation and covalent structure of the aspirin
modified, active-site region of prostaglandin synthetase, Biochemistry 22:4672-4675. 

Samuelsson, B., 1965, On the incorporation of oxygen in the conversion of 8, II ,14-eicosatrienoic acid 
to prostaglandin E1, 1. Am. Cancer Soc. 87:3011-3013. 

Samuelsson, B., 1972, Biosynthesis of prostaglandins, Fed. Proc. 31:1442-1450. 
Terragno, A., Rydzik, R., and Terragno, N., 1981, High performance liquid chromatography and UV 

detection for the separation and quanti tat ion of prostaglandins, Prostaglandins 21: 10 1-112. 
van der Ouderaa, F. J., and Buytenhek, M., 1982, Purification of PGH synthase from sheep vesicular 

glands, Methods Enzymol. 86:60-68. 
van der Ouderaa, F. J., Buytenhek, M., Nugteren, D. H., and van Dorp, D. A., 1977, Purification 

and characterisation of prostaglandin endoperoxide synthetase from sheep vesicular glands, Biochim. 
Biophys. Acta 487:315-331. 



Coronary Arterial Prostacyclin 
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1. INTRODUCTION 

6 

Prostaglandin E2 (PGE2) isomerase and prostacyclin (PGI2) synthetase are the major 
endoperoxide (PGH2)-metabolizing enzymes present in microsomes isolated from 
vascular tissue. The PGE2 isomerase activity specifically requires the addition of 
GSH (Ogino et al., 1977). Prostacyclin has potent vasodilator and platelet antiag
gregatory activity (Vane, 1983). Therefore, modulation of PGI2 synthetase activity 
is of prime physiological importance in the regulation of blood vessel function. 
Reducing agents such as GSH have been reported to augment prostaglandin pro
duction by protecting the cyclooxygenase enzyme system (arachidonic acid ~ PGH2) 
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from self-catalyzed deactivation (Egan et ai., 1976). However, little evidence exists 
for the effects of these agents on augmenting prostacyclin synthetase activity 
(McNamara et ai., 1984). We report the concentration-dependent modulation of 
the formation of 6-keto-PGF1a , the stable breakdown product of PGIz, by GSH and 
dithiothreitol (DIT) and unmasking of PGE2 isomerase in microsomes isolated from 
bovine coronary artery. 

2. MATERIALS AND METHODS 

2.1. Isolation of Coronary Arterial Microsomes 

Sheep and dog hearts were obtained from anesthetized animals; bovine hearts 
were obtained from a local slaughterhouse; the human heart was obtained from a 
17 -year-old male at the time of harvesting of the kidneys for renal transplantation. 
All hearts were immediately placed in ice-cold 0.1 M phosphate buffer, pH 7.4, 
for transport to the laboratory. The left anterior descending and left circumflex 
coronary arteries were dissected free, cleaned, pooled, minced, and homogenized 
in three volumes of the ice-cold phosphate buffer using a Polytron homogenizer. 
The homogenate was centrifuged at 10,000 x g for 15 min, and the supernatant 
was strained through cheesecloth and centrifuged at 105,000 x g for 60 min. All 
procedures were carried out at 0-4°C. The microsomal pellet obtained was sus
pended in phosphate buffer and stored at - 55°C. Protein was assayed by the method 
of Lowry et ai. (1951). 

2.2. Assay of Microsomal Metabolites of PGH2 

The incubation mixture contained coronary arterial microsomes in 100 fl.l of 
0.1 M potassium phosphate buffer, pH 7.4, and any additions, e.g., GSH. The 
reaction was initiated by the addition of the microsomal fraction to a O°C tube 
containing PGH2 (previously blown dry under a N2 stream), vortexed, and incubated 
at 37°C for 2 min. The reaction was stopped, and the products were extracted by 
adding 400 fl.l of ethyl acetate: methanol: 0.2 M citric acid, pH 2.0 (15 : 2 : 1), 
vortexed, and centrifuged. The upper organic layer was spotted for TLC on Analtech 
silica gel GHL plates along with authentic prostaglandin standards (Upjohn Co.) 
and developed using the solvent system ethyl acetate: acetic acid: hexane: water 
(54 : 12 : 25 : 60, organic phase). The migration of authentic prostaglandin stand
ards was located by exposing the plates to iodine vapor, and that of radiolabeled 
products by radiochromatogram scan. The [1- 14C]PGH2 preparation from [1-
14C]arachidonic acid (50-60 mCilmmol, Amersham) and all other procedures were 
as previously described in detail (Kerstein et ai., 1983; She et ai., 1981). 
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TABLE I. Effect of Microsomal Protein Concentration in Bovine Coronary Arterial 
Prostacyclin Synthetase Activity 

Prostacyclin synthetase 

Protein 
( .... g) 

2.5 .... M PGH2 

10 
25 
50 

100 
200 

-GSH 

8 ± Ib 
10 ± 4 
27 ± 7 
96 ± 8 

138 ± 16 

'GSH = 2 mM; incubation volume = 0.1 ml. 

+GSH" -GSH 

8 ± 3 30 ± 7 
20 ± 10 38 ± 6 
88 ± 15 141 ± 30 

133 ± 9 289 ± 31 
148 ± 15 352 ± 92 

IO .... M PGH2 

+ GSH" 

23 ± 5 
102 ± 36 
224 ± 39 
380 ± 71 
608 ± 40 

b Data are picomoles of 6-keto-PGF,./2 min and are expressed as mean ± S.E.M. of duplicate incubations of separate 
microsomal fractions isolated from four hearts. 

3. RESULTS 

3.1. Prostacyclin Synthetase Activity 

The data in Table I show that the formation of 6-keto-PGF1a , the stable 
hydrolytic product of prostacyclin, is dependent on the concentration of microsomal 
protein and the concentration of PGH2 ; in addition, these data indicate that 6-keto-

TABLE II. Effect of GSH Concentration 
on Bovine Coronary Arterial Prostacyclin 

Synthetase ActivityB 

Prostacyclin synthetaseb 

GSH PGH2 PGH2 

(mM) 2.5 .... M* 10 .... M** 

47 ± 8 129 ± 12 
0.1 58 ± 3 127 ± 16 
0.5 56 ± 4 191 ± 30 

65 ± 8 167 ± 19 
1.25 268 ± 65 
1.5 80 ± 9 
1.75 215 ± 41 
2 97 ± 10 315 ± 37 
5 103 ± 7 300 ± 51 

, Microsomal protein = 50 fJog; incubation volume = 0.1 
ml. 

b Data are picomoles of 6-keto-PGF,./2 min per 50 fJog 
protein expressed as mean ± S.E.M. of duplicate incu
bations of separate microsomal fractions isolated from 4' 
or 3" hearts. 
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PGFla fonnation is augmented in the presence of 2 mM GSH. The activity of the 
prostacyclin synthetase observed in the absence of GSH is similar to that previously 
reported for bovine coronary arterial microsomes (Gerritsen and Printz, 1981). 
Thromboxane B2 (TxB2), the stable hydrolytic product of TxA2' fonnation was not 
observed, indicating the absence of detectable thromboxane synthetase activity. 
Tranylcypromine, an inhibitor of prostacyclin synthetase (She et ai., 1981), inhib
ited the fonnation of 6-keto-PGFla by 90% both in the presence and absence of 2 
mM GSH (data not shown). 

The data presented in Table II indicate that GSH exhibited a concentration
dependent modulation of prostacyclin synthetase activity. This modulation of the 
fonnation of 6-keto-PGFla occurred over a narrow GSH concentration range and 
was observed at two concentrations ofPGH2. The activity ofprostacyclin synthetase 
was also modulated in a concentration-dependent manner by dithiothreitol (DTT) 
(Table III). The modulation of prostacyclin synthetase by GSH was not species 
specific, as it was observed in coronary arterial microsomes prepared from sheep, 
dog, and man (Table IV). 

3.2. Prostaglandin E2 Isomerase Activity 

The data in Table V show an increase in the fonnation of PGE2 by bovine 
coronary arterial microsomes in response to increasing concentrations of GSH at 
two concentrations of PGH2. The fonnation of PG~ in the presence of GSH (at 

Table III. Effect of OTT Concentration on 
Bovine Coronary Arterial Prostacyclin 

Synthetase Activity' 

Prostacyclin synthetaseb 

Drr PGHz PGH2 

(roM) 2.5 .... M* 10 .... M** 

43 ± 11 74 ± 24 
0.1 83 ± 13 80 ± 15 
0.5 100 ± 18 130 ± 16 
1 108 ± 25 135 ± 14 
1.25 124 ± 8 
1.75 286 ± 23 
2 117 ± 13 301 ± 64 
5 135 ± 9 

• Microsomal pro!ein = 50 J.Lg; incubation volume = 0.1 
m1; Drr = dithiothreilol. 

b Data are picomoles of 6-keto-PGF •• /2 min per 50 J.Lg pro
rein expressed as mean ± S.E.M. of dupJica!e incubations 
of separa!e microsomal fractions isolaied from 4* or 3** 
hearts. 
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TABLE IV. Microsomal Prostacyclin Synthetase Activity from 
Coronary Arteries of Sheep, Dog, and Human 

Prostacyclin synthetasea 

PGH2 PGH2 

Animal Additions 2.5 fl.M 10 fl.M 

Sheep (3) No additions 24 ± I 100 ± 2 
2 mM GSH 76 ± 3 158 ± 1 

Dog (I) No additions 30 ± 4 54 ± 1 
2 mM GSH 88 ± 8 114 ± 23 

Human (I) No additions 23 
2 mM GSH 70 ± 7 

a Incubation volume = 0.1 ml. Data are picomoles of 6-keto-PGF,./2 min per 50 IJ-g 
protein and are expressed as mean ± S.E.M. of duplicate incubations of separate 
microsomal fractions isolated from the number of hearts shown in parentheses. 
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10 f..lM PGH2) showed an initial increase that fell at higher GSH concentrations 
(Table V). The formation of PGE2 was greater in the presence of GSH (at 10 f..lM 
PGH2) for sheep and dog, also suggesting the presence of an active PGE2 isomerase 
(Table VI). However, in the presence of DTT with no GSH in the incubation 
medium, the formation of PGE2 decreased in a manner inversely related to the DTT 
concentration (Table VII). 

TABLE V. Effect of GSH Concentration 
on Activities of Bovine Coronary Arterial 

PGE2 Isomerase 

PGE2 isomerasea 

GSH PGH2 PGH2 

(mM) 2.5 fl.M* 10 fl.M** 

56 ± 7 246 ± 9 
0.1 55 ± 2 254 ± 24 
0.5 73 ± 5 329 ± 34 

74 ± 6 315 ± 11 
1.25 308 ± 45 
1.5 62 ± 3 
1.75 354 ± 68 
2 61 ± 6 234 ± 15 
5 47 ± 3 237 ± 19 

a Microsomal protein = 50 IJ-g; incubation volume = 0.1 
m. Data are picomoles of PGE,I2 min per 50 IJ-g protein 
expressed as mean ± S.E.M. of duplicate incubations 
of separate microsomal fractions isolated from 4* or 3** 
hearts. 
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TABLE VI. Microsomal PGE2 Isomerase Activities from 
Coronary Arteries of Sheep, Dog, and Human 

PGE2 isomerase" 

PGH2 PGH2 

Animal Additions 2.5 ILM 10 ILM 

Sheep (3) No additions 85 ± I 343 ± 2 
2 mM GSH 66 ± 3 414 ± 3 

Dog (I) No additions 56 ± 10 282 ± 34 
2 mM GSH 84 ± 8 408 ± 40 

Human (I) No additions 72 
2 mMGSH 64 ± I 

a Incubation volume = 0.1 mi. Data are picomoles of PGE,t2 min per 50 ILg protein 
and are expressed as mean ± S.E.M. of duplicate incubations of separate microsomal 
fractions isolated from tbe number of hearts shown in parentbeses. 

4. DISCUSSION 

4.1. Prostacyclin Synthetase Activity 

These data indicate that coronary arterial microsomal prostacyclin synthetase 
activity can be modulated by the concentration of the sulfhydryl reducing agents 
GSH and DTI. As the modulation of 6-keto-PGFla formation occurs over a narrow 

TABLE VII. Effect of OTT Concentration 
on Activities of Bovine Coronary Arterial 

PGE2 Isomerase 

PGE2 isomerase" 

OTT PGH2 PGH2 

(mM) 2.5 ILM* 10 ILM** 

58 ± 5 252 ± 10 
0.1 41 ± 4 236 ± 28 
0.5 36 ± 7 219 ± 18 

36 ± 9 226 ± 18 
1.25 27 ± 3 166 ± 37 
1.5 30 ± 5 
1.75 192 ± 23 
2 34 ± 6 162 ± 31 
5 30 ± 10 

a Microsomal protein = 50 ILg; incubation volume = 
0.1 mI; DIT = dithiothreitol. Data are picomoles of 
PGE,t2 min per 50 ILg protein expressed as mean ± 
S.E.M. of duplicate incubations of separate microsomal 
fractions isolated from 4' or 3" hearts. 
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concentration range of the reducing agent, the data suggest the possibility that 
physiological alterations in intracellular GSH may modulate prostacyclin formation. 
Whether the observed change in prostacyclin synthetase activity mediated by GSH 
and DTT represents changes in the redox state of the enzyme or more specifically 
sulfhydryl oxidation is not certain from these data. However, it should be noted 
that the concentrations of GSH employed in this investigation are consistent with 
intracellular GSH concentration (Meister and Anderson, 1983) and that alterations 
in tissue GSH levels have been reported under normal physiological conditions 
(Farooqui and Ahmed, 1984; Thomas et al., 1984). We suggest that the higher 
activity of prostacyclin synthetase observed in the presence of GSH is representative 
of basal prostacyclin formation, whereas the lower activity observed below 1 mM 
GSH represents subbasal prostacyclin-generating activity. 

Decreases in GSH concentration (antioxidant buffering capacity) may also 
occur in response to the transformation of molecular oxygen into highly reactive 
superoxide anion, hydrogen peroxide or hydroxyl radical. Formation of these re
active oxygen species could occur in polymorphonuclear leukocyte (PMN) infiltra
tion during acute myocardial infarction (Romson et al., 1982). Additionally, a 
reduction in prostacyclin formation could mediate or potentiate PMN infiltration, 
as prostacyclin has been associated with inhibition of neutrophil chemotaxis, ag
gregation, lysosomal enzyme release, and superoxide anion production (Fantone 
and Kinnes, 1983; Lefer et al., 1978). These data may partially explain the effect 
of prostacyclin infusion on reducing the area of infarction (Lefer et al., 1978). 

Prostacyclin formation by aortas of rats fed a diet deficient in the antioxidant 
vitamin E has been correlated with an increase in aortic peroxide levels (Okuma et 
al., 1980). Whether this is related to a decrease in prostacyclin synthetase activity 
subsequent to a decrease in the antioxidant buffering capacity as a result of vitamin 
E deficiency or to direct inhibition of this enzyme by peroxides or both requires 
further investigation. Similar decreases in prostacyclin formation by atherosclerotic 
coronary arterial tissue have been correlated with production of lipid peroxides 
(Fantone and Kinnes, 1983). Additionally, nitroglycerin is known to decrease GSH 
concentrations in various tissues including blood vessels (Needleman, 1976). If 
coronary arterial vasodilatation in response to nitroglycerin is mediated at least in 
part by prostacyclin (Schror et al., 1981), tolerance to the vasodilator effect of 
nitroglycerin might be attributed in part to a parallel fall in prostacyclin formation 
and GSH concentration. 

A fall in coronary artery prostacyclin generation could affect vascular tone and 
vessel-platelet interaction, which could lead to thromboembolic problems in large 
vessels or downstream in microvessels. The recent report (Beetens et al., 1983) 
that the antioxidant ascorbate increases the release of 6-keto-PGFla from aortic 
rings lends support to our findings and raises the possibility that prostacyclin syn
thetase activity in other vascular tissue may be modulated in a similar manner to 
that reported here. However, we have not observed this effect of GSH on microsomal 
prostacyclin synthetase of human saphenous vein (Kerstein et al., 1983) or human 
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(McMullen-Laird et al., 1982) or bovine (unpublished results) intrapulmonary artery 
and vein. 

In addition to producing a fall in the formation of the potent vasodilator 
prostacyclin, a decrease in coronary arterial prostacyclin synthetase activity might 
be expected to produce an increase in the concentration of unmetabolized PGH2 
and in the formation of other metabolites of PGH2 such as PGEz, PGD2, or PGF2a . 
The vascular response to such an alteration in PGH2 metabolism would depend on 
the metabolites formed, their concentrations, and their action on the coronary vas
culature. We have previously shown that prostacyclin, a stable analogue of pros
tacyclin, PGE2, and PGD2 are vasodilators in the canine coronary vascular bed 
whereas PGF2a was inactive (Hyman et al., 1978). Unmetabolized PGH2, however, 
might be expected to cause vasoconstriction. This effect could be mediated by a 
conversion of the unmetabolized PGH2 to thromboxane A2, a potent vasoconstrictor, 
by platelet thromboxane synthetase in a manner similar to (but in the reverse 
direction) the "steal hypothesis" of Vane (Bunting et al., 1983). Thromboxane A2 
thus generated could also aggregate platelets, especially under these conditions in 
which prostacyclin synthesis was decreased, and initiate thrombogenesis. Alter
natively, unmetabolized PGH2 could directly cause vasoconstriction, as it has been 
suggested that thromboxane A2 and PGH2 interact with a single thromboxane re
ceptor site (Carrier et al., 1984). A stable analogue of PGH2, U46619, which is 
thought to be a functional analogue of TxA2 , can release calcium from vascular 
mitochondrial storage sites (McNamara et al., 1980). Such a release of bound 
calcium would increase intracellular free calcium, which could induce contraction 
of vascular smooth muscle. A similar sequence of events in the mediation of vascular 
smooth muscle contraction has been previously postulated by us (McNamara et al., 
1980) and by others (Greenburg, 1981). In addition, prostanoid metabolites of 
PGH2 have also been shown to release calcium bound to vascular mitochondria 
(McNamara et al., 1980) as well as that bound to smooth muscle sarcoplasmic 
reticulum (Carstein and Miller, 1977). 

4.2. Prostaglandin E2 Isomerase Activity 

Prostaglandin E2 isomerase is a GSH-requiring enzyme (Ogino et al., 1977). 
The demonstration of the presence of an active PGE2 isomerase is complicated, as 
in the absence of GSH, PGH2 spontaneously breaks down to PGE2. Thus, in the 
presence of GSH, PGE2 formation is both enzymatic and nonenzymatic, and the 
nonenzymatic component cannot be distinguished from the enzymatic component. 
The presence of an active PGE2 isomerase is suggested by an increased PGEz 
formation in the presence of GSH. However, as the PGH2 concentration is meta
bolically depleted in the presence of GSH, nonenzymatic conversion of PGH2 to 
PGE2 becomes less significant, and it could be misleading to simply subtract the 
quantity of PGE2 formed in the absence of GSH from that formed in the presence 
of GSH to obtain "net PGE2" formation; such a figure is, however, useful and is 
employed (Gerritsen and Printz, 1981) as an index of PGE2 isomerase activity. 
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Demonstration of an active PGE2 isomerase in the coronary arterial microsomes 
is complicated by the fact that in the presence of GSH the enzymatic formation of 
both PGI2 and PGE2 would be augmented and the nonenzymatic component of total 
PGE2 formation would decrease through a shunting of PGH2 to PGI2 formation. 
This is indicated by the fall in PGE2 formation seen in the presence of DTT, which 
cannot serve as a cofactor for PGE2 isomerase activity (Ogino et ai .. 1977) but can 
modulate PGI2 formation. Thus "net PGE2" should not be employed as an index 
of PGE2 isomerase activity for coronary arterial microsomes. However, as both 
GSH and DTT similarly affect PGh formation, the amount of PGE2 formed in the 
presence of DTT (nonenzymatic formation) is more representative of nonenzymatic 
PGE2 formation than is that formed in the absence of GSH. Thus, the amount of 
PGE2 formed in the presence of DTT (nonenzymatic), as presented on Table VII, 
should be subtracted from the amount of PGE2 formed in the presence of GSH 
(enzymatic plus nonenzymatic), as presented in Table V. This difference more 
closely approximates PGE2 isomerase activity. The data obtained in this study, 
when so interpreted, unmask the presence of an active PGE2 isomerase in coronary 
arterial microsomes. This enzyme has been previously reported to be absent in the 
bovine coronary artery (Gerritsen and Printz, 1981). 

5. SUMMARY AND CONCLUSIONS 

5.1. Coronary Arterial Prostacyclin Synthetase 

In this study, prostacyclin synthetase activity of bovine coronary arterial mi
crosomes could be altered over a two- to threefold range by GSH or dithiothreitol 
in a concentration-dependent manner and over a microsomal protein range of 10-200 
~g. Modulation of coronary artery prostacyclin synthetase activity was also seen 
in vessels from sheep, dog, and man. These data suggest that coronary artery 
prostacyclin synthetase activity is unusually sensitive to the redox state or sulfhydryl 
oxidation of the enzyme. We suggest that the higher prostacyclin synthetase activity 
is representative of basal prostacyclin formation and that the lower activity observed 
below I mM GSH represents subbasal prostacyclin activity. These data also suggest 
that modulation of coronary arterial prostacyclin synthetase activity under physi
ological and pathophysiological conditions could be mediated by those conditions 
or interventions that induce alterations in cellular antioxidant concentration. 

5.2. Coronary Arterial Prostaglandin E2 Isomerase 

Contrary to a previous report, bovine coronary arterial microsomes contain an 
active GSH-dependent PGH2 - PGE2 isomerase. In this respect, the coronary 
artery is similar to vascular segments found in other vascular beds. 
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Glutathione Transferases 
Catalyzing Leukotriene C 
Synthesis and Metabolism of 
Leukotrienes C4 and E4 in Vivo 
and in Vitro 
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1. GLUTATHIONE TRANSFERASES CATALYZING 
LEUKOTRIENE C SYNTHESIS 

7 

Glutathione transferases constitute a group of enzymes that catalyze several reactions 
involving glutathione (Mannervik, 1985). Their main function, according to current 
concepts, is to detoxify and accelerate the excretion of certain xenobiotic compounds 
(Chasseaud, 1979) by catalyzing the conjugation of glutathione with these electro
philic substrates. In addition, glutathione transferases also catalyze other reactions 
(e.g., peroxidase and isomerase reactions). We have recently reported (Mannervik 
et al., 1984) that six basic glutathione transferases from rat liver cytosol (Mannervik 
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and Jensson, 1982) catalyze the conversion of LTA4 or its methyl ester to LTC4. 
One of the enzymes was a considerably more efficient catalyst of the reaction than 
the remaining five. 

1.1. Formation of LTC4 (C-1) Monomethyl ester by Cytosolic Rat 
Glutathione Transferases 

Incubation of rat cytosolic glutathione transferase 4-4 with tritium-labeled 
LTA4 methyl ester and glutathione yielded a tritium-labeled product that emerged 
later than L TC4 on reverse-phase HPLC. The UV spectrum of this compound showed 
a Amax at 280 nm and shoulders at 270 and 292 nm as previously reported for LTC4 
(Murphy et al.. 1979). Treatment of the product with soybean lipoxygenase shifted 
the Amax to 308 nm. After mild alkaline hydrolysis, the product cochromatographed 
with authentic L TC4 on reverse-phase HPLC. Incubation of the product with "Y
glutamyl transpeptidase followed by mild alkaline hydrolysis gave rise to LTD4 as 
judged by cochromatography on HPLC with the synthetic reference compound. The 
results showed that the product formed from L T A4 methyl ester by transferase 4-4 
is the methyl ester of the naturally occurring isomer of LTC4 (cf. Hammarstrom et 
al.. 1980). The reaction involves a nucleophilic substitution of the oxygen at C-6 
in LT A4 methyl ester by the thiolate anion of glutathione and proceeds with inversion 
of the configuration at C-6. 

Incubation of LTA4 methyl ester with transferases 1-1, 1-2,2-2, 3-3, or 3-4 
in each case yielded tritium-labeled products with similar chromatographic and UV
absorbing properties as the product formed by transferase 4-4. After mild alkaline 
hydrolysis, these products cochromatographed with synthetic LTC4 on HPLC. 

1.2. Kinetics of the Reaction with L T ~ Methyl Ester Catalyzed by 
Cytosolic Glutathione Transferases 

Kinetic parameters for the conversion of leukotriene A4 methyl ester to leu
kotriene C4 methyl ester by rat liver cytosolic glutathione transferases are shown 
in Table I. The rate of formation of leukotriene C4 methyl ester was constant for 
more than 1 min under the conditions used and was proportional to the enzyme 
concentration. 

The kinetics of L TC4 monomethyl ester formation were studied as a function 
of LTA4 methyl ester concentration at 5 mM glutathione concentration. The Km 
values for the different isoenzymes ranged from 2.3 to 15 fLM, and the V max values 
from 17 to 615 nmol/min per mg protein. Transferase 4-4 had the highest V max' 

This enzyme is a homodimer of subunit "4." A heterodimeric transferase (3-4) 
containing one subunit "4" and one subunit "3" had a V max slightly over 25% of 
that of transferase 4-4. The other transferases (3-3, 1-1, and 1-2) had V max values 
of approximately 20 nmol/min per mg (3% of that of 4-4). Subunit "4" was thus 
a more effective catalyst than subunits "3," "2," and "1" with regard to the trans
formation of LTA4 methyl ester to LTC4 monomethyl ester. 
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TABLE I. Specific Activities and Kinetic Constants for the Conversion of L T ~ 
Methyl Ester to L TC4 Monomethyl Ester by Cytosolic Rat Glutathione TransferaseB 

Specific activities (nmol! 

Glutathione 
min per mg) Kinetic constants (LT~Me) 

transferase LTA4Meb 

I-I 7.6 :!: 2.7 d 

1-2 5.6 :!: 2.8 
2-2 0.83 :!: 0.25 
3-3 2.5 :!: 1.I 
3-4 32 :!: 22 
4-4 102 :!: 18 

'From Mannervik et al (1984). 
b Leukatnene A, methyl ester 
, I-Chlaro-2 ,4-dinitrobenzene. 

CDNB' V max (nmol!min per mg) 

33,000' 17 
28,000 17 
19,000 n.d. 
38,000 22 
28,000 162 :!:20 
18,000 615 :!: 15 

d Mean values ± S.D. from three expenments with single ar duplicate analyses. 
, Data from Mannervik and Jenssan (1982) 

Km (fLM) 

2.3 
3.3 
n.d. 
9.2 

15 :!: 0.3 (n = 2) 
II :!: 4 (n = 2) 

The pattern of the relative catalytic activities of the cytosolic glutathione trans
ferases reflected their respective subunit composition as demonstrated with other 
substrates (Mannervik and Jensson, 1982). V max values for the reactions with leu
kotriene A4 methyl ester ranged from 17 to 615 nmol/min per mg. Transferase 4--4 
had the highest (615) and transferase 3--4 the second highest Vmax value (162). Km 
values were near 10 J-.LM for transferases containing subunits 3 and/or 4 and around 
3 J-.LM for transferases composed of subunits 1 and/or 2. Thus, the transferases with 
highest apparent "affinity" for LTA4 methyl ester had the lowest capacity to trans
form it into LTC4 monomethyl ester and vice versa. 

Leukotriene A4 free acid was converted by the same enzymes to LTC4 . Further 
studies regarding the kinetics of the latter reaction are needed to compare the catalytic 
efficiencies of cytosolic rat glutathione transferases with those of microsomal en
zymes from murine mastocytoma cells and rat basophilic leukemia cells, which 
catalyze the LTC synthase reaction (Soderstrom et al., 1985). 

2. Metabolism of Leukotrienes C4 and E4 

Previous investigations in our laboratories have shown that leukotriene C is 
metabolized in vitro (Orning and Hammarstrom, 1980; Hammarstrom, 1981; Bern
strom and Hammarstrom, 1981) and in vivo (Hammarstrom et al., 1981; Appelgren 
and Hammarstrom, 1982) by modifications of the peptide part. Evidence indicating 
alterations of the fatty acid part has also been published (Goetzl, 1982; Hendersson 
and Klebanoff, 1982; Lee et al., 1983), but the in vivo significance of the latter 
reactions has not been established. Whole-body autoradiographic distribution ex
periments have indicated that in mice the major excretion pathway for leukotriene 
C is via the bile into feces (Appelgren and Hammarstrom, 1982). Chromatographic 
analyses of the radioactivity present in different mouse organs showed that leu-



72 SVEN HAMMARSTROM et al. 

kotrienes C3, D3, and E3 could be detected in lung, liver, intestine, kidney, and 
blood for 1 hr or more after the administration of leukotriene C3 (Appelgren and 
Hammarstrom, 1982). One to five unidentified metabolites were observed in the 
mouse experiments. A compound with analogous chromatographic behavior to one 
of these products has now been identified as a metabolite of leukotriene E4 formed 
by rat liver homogenates. The same product was also found to be an excreted 
metabolite of leukotriene C4 in the rat. 

2.1. Metabolism of Leukotriene E4 by Rat Liver Homogenates 

pHs]Leukotriene E4 was converted by homogenates of rat liver to a product 
eluting before leukotriene E4 on RP-HPLC (compound I; relative elution time, 
0.85 ± 0.1 compared with leukotriene E4) (Bemstrom and Hammarstrom, 1985). 
The ultraviolet spectrum of the product was identical to the spectrum of leukotriene 
E4 (Bemstrom and Hammarstrom, 1981). Desulfurization with Raney nickel gave 
a product that cochromatographed by gas-liquid chromatography with the product 
obtained from [3Hs]leukotriene C4. A positive ion fast atom bombardment mass 
spectrum showed ions at m/z 482, 504, and 520. These ions most likely represent 
[M + H] +, [M + Na] +, and [M + K] T , respectively, suggesting that the mo
lecular weight of compound I is 481. Since the molecular weight of leukotriene E4 
is 439, this suggested the presence of an acetyl group in compound I. 5-Hydroxy-
6-S-(2-acetamido-3-thiopropionyl)-7 ,9,11 ,14-eicosatetraenoic acid (N -acetylleu
kotriene E4) was synthesized from leukotriene E4 by treatment with acetic anhydride. 
The product gave the same fast atom bombardment mass spectrum, had the same 
ultraviolet spectrum, and cochromatographed by RP-HPLC with compound I, both 
as the free acid and as the dimethyl ester derivative. 

[1- 14C]Acetylcoenzyme A and [3Hs]leukotriene E4 were incubated with di
alyzed rat liver mitochondria. The N-acetylleukotriene E4 formed was purifed by 
RP-HPLC, and the contents of tritium and 14C were determined as 34 pmol of 14C 
from [1- 14C]acetylcoenzyme A and 33 pmol of tritium from [5,6,8,9,11,12,14,15-
3Hs]leukotriene E4 (Fig. 1). 

The contractile effects of compound I, synthetic N-acetylleukotriene E4, and 
leukotriene C4 were determined on isolated segments of guinea pig ileum. Com
pound I and N-acetylleukotriene E4 were equipotent, and their potency was 10-14 
times lower than that of leukotriene C4. FPL 55712 (40 ng/ml) antagonized the 
contractile effect of N -acetylleukotriene E4. The onset of the contractions was similar 
for compound I and N-acetylleukotriene E4 and resembled that of contractions 
elicited by leukotrienes D4 and E4. 

2.2. In Vivo Metabolism of Leukotriene C4 , in the Rat 

After subcutaneous administration of leukotriene C4, labeled with tritium in 
the fatty acid part, the radioactivity was largely excreted over a 72-hr period (bming 
et at., 1984). Of the recovered tritium, 89-92% appeared in feces, and the rest in 
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FIGURE 1. Conversion of [1-14C)acetylcoenzyme A and [3H8)leukotriene E4 to compound 1 
using a pressure-dialyzed suspension of rat liver mitochondria. Compound 1 contained 33 pmol 
of leukotriene E4 (from 3H) and 34 pmol of acetate (from 14C). Conditions for HPLC: A column 
of C18 Nucleosil (4.6 x 250 mm; 5 f.Lm particles) was eluted with methanol/water/acetic acid/o
phosphoric acid (65 : 35 : 0.07 : 0.03, v/v/v/v; pH 5.4) at a flow rate of 1 ml/min. x, 3H; " 14C. 
(From Bernstrom and Hammarstrom, 1984). 

urine from conventional and germ-free rats. Approximately 75% of the tritium
labeled leukotriene C4 metabolites were recovered in the ethanolic extract of feces 
from germ-free rats, and the rest was released after refiuxing with chloro
form/methanol. The tritium-labeled material in the 80% ethanol eluate after chro
matography on Amberlite XAD-8 was purified by silicic acid chromatography. 
Fifty-four and 82% of the radioactivity applied to the column was recovered in a 
methanol/ethyl acetate (7 : 3, v/v) eluate. This material was further fractionated by 
reverse-phase HPLC. The chromatogram of fecal metabolites from germ-free rats 
(Fig. 2A) revealed at least eight components, designated I, III, IV, VII, VIII, IX, 
X, and XI. Compound VIII was the predominant one, and compound IX was the 
second most abundant metabolite. They constituted 23% and 13% of the radioac
tivity that was subjected to HPLC, corresponding to 4.6% and 2.7%, respectively, 
of the radioactivity administered to the animals. 

Figure 2B shows a chromatogram of fecal metabolites of leukotriene C4 from 
conventional rats. Eight compounds, designated II, Ill, and IV-IX can be seen. 
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FIGURE 2. Reverse-phase HPLC of radioactive products excreted in feces from germ-free (A) 
and conventional (8) rats after administration of [3Hslleukotriene C4 • Conditions for HPLC: A 
column of C1S Polygosil (500 x 10 mm) was eluted with methanol/water/acetic acid 70/30/0.1 
(v/v/v) adjusted to pH 5.4 with NH40H at a flow rate of 4.5 ml/min. (From Qning et al., 1984.) 

The radioactivity, eluted with the solvent front and with methanol at the end of the 
chromatography, is probably heterogeneous and has not been further analyzed. 
Compounds VIII and IX constituted 9% and 7% of the radioactivity analyzed by 
HPLC and 0.6% and 0.5%, respectively, of the radioactivity administered to the 
conventional rats. 

The UV spectrum of compound VIII (Fig. 3) is similar to that of leukotriene 
C4 (Murphy et at., 1979), suggesting that the conjugated triene with an allylic 
thioether substituent had been retained in compound VIII. Treatment with soybean 
lipoxygenase gave a similar spectral shift to that previously reported for leukotriene 
C4 (Murphy et at .. 1979). Thus, the original positions of the triene and the thioether 
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FIGURE 3. Ultraviolet spectrum of compounds VIII and IX 
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substituent were unchanged. Positive and negative ion fast atom bombardment mass 
spectra of compound VIII showed intense ions at the same m/z values as the 
corresponding spectra of synthetic N-acetyl leukotriene E4. Compound VIII also 
cochromatographed by reverse-phase HPLC with synthetic N-acetylleukotriene E4 
both as the free acid and as the methyl ester derivative . The contractile activity of 
compound VIII on guinea pig ileunn was also identical to that of N-acetylleukotriene 
E4. Based on this, it was concluded that the structure of compound VIII was 5-
hydroxy-6-S-(2-acetamido-3-thiopropionyl)-7 ,9-trans-ll, 14-cis-eicosatetraenoic acid 
(N-acetylleukotriene E4). 

The UV spectrum of compound IX (Fig . 3) was similar to that previously 
reported for II-trans-Ieukotriene C4 (Clark et ai., 1980). Its elution time on RP
HPLC was 1.1 times that of compound VIII, which is similar to the relative elution 
time of II -trans-leukotriene C4 compared to leukotriene C4 (Clark et ai., 1980). 
Desulfurization with Raney nickel yielded 5-hydroxyeicosanoic acid. N-Acetyl-ll
trans-leukotriene E4 was prepared from II-trans-Ieukotriene E4 in the same way 
as described above for N-acetylleukotriene E4 • It cochromatographed with com
pound IX . Compound IX was thus tentatively identified as the II-trans isomer of 
compound VIII, i.e., N-acetyl 11-trans-leukotriene E4 . 

The transformation of leukotriene C4 to N-acetyl leukotriene E4 (Fig. 4) 
is analogous to the pathway of mercapturic acid biosynthesis (Chasseaud, 1979), 
in which xenobiotics are transformed to N-acety1cysteine derivatives prior to excre
tion. It is conceivable that the original function of this pathway was to inac
tivate and facilitate the excretion of the endogenous hormone like substance, leuko
triene C4 . 

On the basis of in vitro experiments, it has been suggested that cysteine
containing leukotrienes are metabolized to 6-trans-leukotriene B4 and the 12-epi 
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FIGURE 4. Scheme for the conversion of leukotriene C4 to N-acetylleukotriene E4 and N-acetyl-
11-trans leukotriene E4. 

isomer of this compound (Goetzl, 1982; Hendersson and Klenbanoff, 1983; Lee et 
at., 1983). In the present experiments, these non-cysteine-containing metabolites 
were not detected in either feces or urine of rats. The high recoveries of tritium 
and the lack of excretion of leukotriene B4 isomers indicate that in the rat, the 
major pathways of metabolism of systemically administered leukotriene C4 do not 
involve cleavage of the C-6 to sulfur bond. 

The characterization of excreted metabolites of leukotriene C4 described above 
should facilitate the development of analytical methods for the quantitative deter
mination of endogenous leukotriene formation under various physiological condi
tions in the rat. 
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Lipoxygenase Products in 
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1. INTRODUCTION 

8 

Blood platelets are involved in primary hemostasis through their aggregation in 
response to different agents. When platelets are aggregated by some of these agents 
such as thrombin or collagen, polyunsaturated fatty acids (mainly arachidonic acid) 
are liberated from membrane phospholipids and then subsequently oxygenated via 
cyclooxygenase and/or lipoxygenase. The cyclooxygenase pathway has been well 
documented (Smith, 1980). From arachidonic acid (AA), it leads to proaggregatory 
prostanoids, prostaglandin endoperoxides (PGG2IPGH2) and thromboxane A2 (TxA2), 
which together with 12-hydroxyheptadecatrienoic acid represent the main com
pounds of the pathway, primary prostaglandins being minor products. In compar
ison, dihomo-'Y-linolenic acid (DHLA) and 5,8,11,14,17-eicosapentaenoic acid (EPA), 
precursors of mono- and trienoic series prostanoids, respectively, are well known 
to be inhibitors of platelet functions (Willis, 1981). Less data about platelet lipox
ygenase pathway, especially for its biological role, are available. This enzyme is 
assumed to be a l2-lipoxygenase (Hamberg et al., 1974; Nugteren, 1975) associated 
with a glutathione-dependent peroxidase (Bryant and Bailey, 1980). It has been 
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reported that 12-hydroperoxyeicosatetraenoic acid (12-HPETE), the lipoxygenase 
product of AA, is able to inhibit both thromboxane synthase (Hammarstrom and 
Falardeau, 1977) and platelet diglyceride lipase (Rittenhouse-Simmons, 1980). More 
recently, 12-HPETE was described as an inhibitor of PGH2rrxAr induced platelet 
aggregation (Aharony et al., 1982). 

We report here the activity of human platelet lipoxygenase towards prosta
glandin precursors (AA, DHLA, and EPA) and 5,8,1l-eicosatrienoic acid (20:3n-
9), a marker of linoleic acid deficiency (Holman, 1960) that appeared to potentiate 
platelet aggregation (Lagarde et al., 1983). We also present evidence that their 
lipoxygenase products, especially 12-hydroxy derivatives, modulate prostanoid
induced platelet aggregation. 

2. OXYGENATION OF EICOSAENOIC ACIDS BY 
LlPOXYGENASE OF INTACT PLATELETS 

When incubated with prostaglandin precursors, human platelets synthesize 
lipoxygenase products from each of them that were identified as mainly 12-
hydroxyeicosaenoic acids by high-performance liquid chromatography (HPLC). 
However, a small amount of a compound that comigrated with the 15-hydroxy deriva
tive could also be detected, especially from DHLA (Lagarde et al., 1984a). 
However, it averaged only one-tenth of the 12-hydroxy derivative according to the 
peak heights and might have been provided by leukocytes contaminating the platelet 
preparations. We may then confirm that human platelet lipoxygenase is essentially 
a 12-lipoxygenase. 

Although prostaglandin precursors are qualitatively oxygenated by platelet 
lipoxygenase in a similar way, great quantitative differences can be observed. 
Studies on physiological concentrations of platelets (3 x 108/ml) isolated from 
their plasma and 10-5 M AA, DHLA, EPA, or 20:3n-9 for 4 min revealed that AA 
was the best substrate. In comparison, EPA appeared to be the poorest. In particular, 
increasing the substrate concentration of eicosaenoic acids except EPA potentiated 
their oxygenation (Lagarde et al., 1984a). At the opposite extreme, the EPA ox
ygenation by lipoxygenase was markedly increased by AA or 12-HPETE (Boukh
chache and Lagarde, 1982; Morita et al., 1983). This potentiating effect seemed 
to be specific, since 12-HETE or 15-HPETE did not share the action of 12-HPETE 
(Lagarde et al., 1984a). These results (Table I) suggest that oxygenation of EPA 
is a peroxide-requiring process, as has been reported previously (Culp et al., 1979). 
In this context, the increased concentration of EPA would not be sufficient to 
generate enough peroxides for its enhanced conversion, in contrast to the other 
eicosaenoic acids. The absence of potentiation by 15-HPETE could be attributed 
to the counteracting effect of 15-lipozygenase products platelet lipoxygenase as 
described earlier (Vanderhoek et al., 1980). 

Finally, the oxygenation of DHLA and 20:3n-9 by platelet lipoxygenase was 
also potentiated by AA or 12-HPETE (Table I). This fact raises the possibility of 
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TABLE I. Lipoxygenation of Eicosaenoic Acids Alone or in the Presence of M or 
12-HPETP 

Concentration AA DHLA EPA 20:3n-9 

10-5 M (n = 5) 1.8 0.6 0.4 0.8 
10-' M (n = 2) 183.2 85.4 2.2 241.3 
10-5 M + AA (10-5 M) 1.4 2.4 1.6 

(n = 5) 
10-5 M + 12-HPETE 2.4 3.6 2.5 

(5 x I~M) 
(n = 5) 

a Results expressed In nanomoles! 10' platelets per 4-min incubation 

increasing the oxygenation of minor polyunsaturated fatty acids, which can be 
elevated in platelet phospholipids under certain dietary lipid modifications (Willis, 
1981). After platelet activation, these minor polyunsaturated fatty acids would be 
then liberated together with AA, which might enhance their oxygenation. 

3. SUBCELLULAR LOCALIZATION OF 
PLATELET LlPOXYGENASE 

Controversial data have been reported concerning the localization of platelet 
lipoxygenase. In studies with bovine and rat platelets, the majority of the activity 
was found in the cytosol (Nugteren, 1975; Chang et al., 1982), whereas others 
mainly localized the enzyme activity in the particulate fraction of human platelets 
(Ho et al., 1977). Using AA as substrate, we have recently found (Lagarde et al., 
1984b) that the lipoxygenase activity of human platelets is bimodally distributed 
between cytosol and membranes, the cytosol activity being predominant. When the 
membrane fraction was separated into surface and intraplatelet membranes by free
flow electrophoresis as described previously (Menashi et al., 1981), significantly 
higher activity could be measured in intrap1ate1et membranes as compared to surface 
membranes. Enzyme activities in both cytosol and membranes did not differ sig
nificantly in terms of pH dependence (neutral optimal pH), calcium requirement 
(no calcium or calmodulin dependency), and carbon specificity (the enzyme was 
essentially a 12-lipoxygenase in both cases). The only consistent difference was a 
higher rate of the membrane-bound lipoxygenase activity at the early stages (first 
minute), which is confirmed by a higher Vmax for the oxygenation of AA, DHLA, 
EPA, or 20:3n-9. These data suggest that the membrane lipoxygenase activity could 
be of physiological relevance, at least at the early stages of platelet activation. 

Taking into account the preferential location of such an activity in intraplatelet 
membranes, we may even hypothesize that this membrane subpopulation, which 
has been recognized as the exclusive location of prostanoid formation (Gerrard et 
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al., 1976; Carey et al., 1982), could be the main site of polyunsaturated fatty acid 
oxygenation in platelets. This hypothesis is reinforced by our previous findings, 
which localized platelet phospholipase A2 and diglyceride lipase activities, both 
enzymes involved in the liberation of polyunsaturated fatty acids from phospholipids 
(MacKean et al., 1981; Bell et al., 1979; Lagarde et al., 1982), in this intracellular 
membrane system. This hypothesis leads to the concept that both the liberation of 
polyunsaturated fatty acids and their conversion by platelet oxygenases could be 
closely related in space, which fits well with results obtained from comparing the 
oxygenation of exogenous and endogenous AA into TXB2 and 12-HETE. These 
results showed a preferential conversion of the endogenous fatty acid (Sautebin et 
al., 1983). 

4. MODULATION OF PLATELET AGGREGATION BY 
LlPOXYGENASE PRODUCTS 

Although the biological activity of prostanoids has been well defined in plate
lets, the role of the lipoxygenase pathway remains to be specified. In our approach, 
we have prepared 12- and IS-hydroxy derivatives from prostaglandin presurors with 
platelet homogenates and soybean lipoxygenase used as enzymic sources, respec
tively. The products were then purified by HPLC as described (Croset and Lagarde, 
1983) and tested on platelet aggregation induced by the 9-methano analogue of 
PGH2 (a TxA2 mimetic). Each product was able to counteract the aggregation with 
an ICso in the micromolar range. However, the 12-hydroxy derivatives were slightly 
more potent than IS-hydroxy. Further investigations on the specificity of the in
hibition were done with other lipoxygenase products of AA. We then found that 
S-HETE was about threefold less potent than 12-HETE, suggesting that the presence 
of the hydroxide on carbon 12 would be optimal for the biological activity. Most 
relevant was the finding that leukotriene B4 (SS,I2R-di HETE) was completely 
devoid of any activity, whereas its isomer SS,12S-diHETE, the double lipoxygen
ation derivative of AA (Borgeat et al., 1981; Marcus et al., 1982), shared the 
activity of 12-HETE (Croset and Lagarde, 1983). This fact strongly suggests that 
the inhibition of prostanoid-induced platelet aggregation by lipoxygenase products 
is quite stereospecific. The S configuration of the derivative would be required to 
counteract the aggregating activity ofprostanoids, which are IS-S compounds. These 
data are summarized in Table II. 

Compared to platelet lipoxygenase products of AA, DHLA, or EPA, the 12-
hydroxy derivative of 20:3n-9 (12-0H-S,8,1O-20:3 as checked by mass spectrom
etry) exhibited a different activity pattern. It potentiated platelet aggregation at low 
concentrations (below 5 X 10-7 M) but it was inhibiting over 10-6 M. This biphasic 
effect was quite similar to that obtained with PGE2. Experiments performed with 
platelets enriched with 20:3n-9 revealed that when triggered with thrombin, the 
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TABLE II. Inhibition of Platelet 
Aggregation Induced by the 9-Methoxy 

Analogue of PGH2B 

Compound Inhibition (%)b 

12-HETE 100 
15-HETE 97 
12-0H-20:3(8, 10, 14) 86 
15-0H-20:3(8, 11,13) 44 
12-0H-20:5(5,8, 10, 14, 17) 135 
15-0H-20:(5,8, 11,13,17) 92 
5-HETE 33 
5S,12S-diHETE 46 
LTB4 (5S,I2R-diHETE) 0 

a The Ie,o for 12-HETE was 6.6 x 10-" M when 8 x 10-" M 
analogue of PGH, was used. 

b Results. expressed in percentage of the activity exhibited by 
12-HETE. are the means of at least 5 determinations. 
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amount of lipoxygenase. product of this acid produced during the incubation com
pares with the potentiating concentrations of 12-0H-5,8,10-20:3 reported above 
(Lagarde et at., 1983). This indicates that only the potentiating activity of the latter 
derivative would be of physiological relevance. 

5. CONCLUSIONS 

This chapter reports data that tend to demonstrate that the lipoxygenase pathway 
of human platelets could have a physiological role in modulating the proaggregatory 
activity of prostaglandin endoperoxides/thromboxane A2 . The inhibition of platelet 
aggregation by the lipoxygenase product of arachidonic acid might be shared by 
12-hydroxy derivatives of other prostaglandin precursors, since their formation 
appears markedly enhanced by arachidonic acid through 12-HPETE. From the 
physiological point of view, the 12-lipoxygenase product of 20:3n-9 would have a 
potentiating effect on platelet aggregation. At this time, the mechanism of action 
of such modulations remains to be determined. 

On the other hand, a common location (platelet intracellular membranes) for 
the formation of proaggregatory prostanoids and of a consistent part of 12-hydroxy
eicosaenoic acids would allow more efficiency in the regulation of prostanoid
induced aggregation by lipoxygenase products. Taking into account all our finds, 
we may summarize these molecular interactions in terms of platelet topography 
with a hypothetical scheme (Fig. 1). 
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FIGURE 1. Hypothetical scheme suggeting that both the liberation of eicosaenoic acids (mainly 
arachidonic acid) and their oxygenation by cyclooxygenase and/or lipoxygenase could occur in 
platelet intracellular membranes (dense tubular system, DTS). This spatial relationship would 
allow lipoxygenase products to be more efficient in counteracting the aggregating activity of 
PGH2ITXA2 . 
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Lipoxygenation of 
Mitochondrial Membranes by 
Reticulocyte Lipoxygenase 
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J. MARTYN BAILEY 

1. INTRODUCTION 

9 

There is considerable interest in the lipoxygenation of mitochondrial membranes 
because of the inhibitory influence this process can have on mitochondrial activities 
such as oxidative phosphorylation (Vladimirov et al., 1980). In addition, mito
chondriallipid peroxidation has been associated with several important pathological 
conditions. These include hypoxia and postischemic reperfusion (Hillered and 
Ernster, 1983), aging (Nohl et al., 1978), and the cytotoxicity of many chemicals 
as well as UV or ionizing radiation (Vladimirov et al., 1980). 

In general, mitochondrial lipid peroxidation has been attributed to nonenzy
matic attack by superoxide and hydroxyl radicals (Vladimirov et al., 1980). How
ever, one system has been identified in which specific enzymatic peroxidation of 
mitochondrial membranes may occur. Professor Samuel Rapoport and co-workers 
have obtained evidence indicating that a lipoxygenase is involved in the physio
logical process whereby mitochondria are degraded and eliminated during the mat
uration of reticulocytes to erythrocytes (Rapoport et al., 1979). Lipoxygenase ac
tivity appears in developing reticulocytes but is absent in mature erythrocytes (Thiele 
et al., 1979). Furthermore, the purified enzyme can, under some conditions, cause 
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gross structural and functional alterations of isolated mitochondria (Schewe et al., 
1975). The mitochondrial destruction observed in vitro is apparently associated with 
the peroxidation of membrane lipids and is not obtained when mitochondria are 
incubated with lipoxygenases from other tissues (Rapoport et al., 1979). The re
ticulocyte enzyme also exhibits specificity with respect to its attack toward mito
chondrial membranes, since it does not readily lipoxygenate erythrocyte ghosts 
(Rapoport et al., 1979). The reticulocyte lipoxygenase exhibits chemical specificity 
toward polyunsaturated free fatty acids with Km values decreasing as a function of 
the number of double bonds (Halangk et al., 1977). Also, the V max values for C203 
and C18:2 are significantly greater than those for C18:3 and C20:4 fatty acids. The 
major product generated from arachidonic acid is 15-hydroperoxy-5,8,11,14-
eicosatetraenoic acid (15-HPETE), although some 12-hydroperoxy derivatives are 
also observed as minor components (5-10%) (Bryant et al., 1982). In either case, 
oxygen is inserted with S stereospecificity. 

The precise role of lipoxygenase in the degradation of maturing reticulocyte 
mitochondria has recently been questioned by the findings of several laboratories 
that reticulocytes possess a very active mitochondria-specific protease (Boches and 
Goldberg, 1982; Muller et al., 1980; Speiser and Etlinger, 1982). However, it is 
possible that the two enzymes may act synergistically, with either the lipoxygenase 
making the mitochondria susceptible to proteolysis (Schewe et al., 1977) or the 
protease potentiating lipoxygenation of the mitochondria. 

The conditions necessary for lipoxygenase-mediated mitochondrial destruction 
and the identity of the products formed during incubation of reticulocyte lipoxy
genase with isolated mitochondria have recently been explored in our laboratories 
with the aid of various techniques commonly used in bioenergetics and analytical 
biochemistry (Fiskum et al., 1983). The following is a brief description of our 
findings and how they relate to the current state of knowledge regarding mito
chondriallipoxygenation. 

2. MITOCHONDRIAL LlPOXYGENATION AND 
RESPIRATORY INHIBITION 

The model used for studying mitochondrial lipoxygenation was one in which 
intact or swollen rat liver mitochondria were incubated at 30°C in a medium con
taining rabbit reticulocyte lipoxygenase and concentrations of K +, Mg2 +, and 
phosphate that are similar to those present in cytosol. The oxygen concentration of 
the mitochondrial suspension was monitored with an oxygen electrode and was 
used to follow the consumption of oxygen due to lipoxygenation or mitochondrial 
respiration. 

Figure 1 describes typical O2 electrode chart recordings from experiments 
performed with suspensions of rabbit reticulocyte lipoxygenase and either intact or 
swollen rat liver mitochondria. The addition of intact mitochondria to medium 
containing the NADH-linked respiratory inhibitor rotenone resulted in very little 
consumption of O2 (Fig. lA). Subsequent addition of the rotenone-insensitive ox-
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idizable substrate succinate initiated mitochondrial respiration, which was further 
stimulated by addition of the respiratory uncoupler FCCP (carbony1cyanide 
p-trifluoromethoxyphenylhydrazone). When reticulocyte lipoxygenase was added 
along with Ca2 + to the mitochondrial suspension, a significant increase in the 
rate of rotenone-insensitive Oz consumption was observed. Addition of the Caz+ 
chelator EGT A eliminated this apparent lipoxygenase-mediated oxygenation. 
Subsequent addition of succinate and FCCP provided rates of mitochondrial respira
tion that were almost identical to those observed in the absence of pre
incubation with lipoxygenase. 

The modest consumption of Oz by the reticulocyte lipoxygenase and the lack 
of an effect of the enzyme on mitochondrial respiration were somewhat surprising 
in light of reports describing major alterations of mitochondrial structure and func
tion by this enzyme (Schewe et ai., 1975; Krause and Halangk, 1977). Our results 
were obtained with both pure and partially purified preparations of lipoxygenase 
and did not significantly change when the temperature was raised to 37°C or when 
the incubation period was extended to 30 min. This indicated to us that either our 
experimental conditions were unsatisfactory or that intact mitochondria are poor 
substrates for the reticulocyte lipoxygenase. We therefore decided to test our li
poxygenase assay system with mitochondria that were swollen and partially dis
rupted by excessive respiration-dependent Ca2 + accumulation. 

In the experiment shown in Fig. 1B, intact rat liver mitochondria were added 
to normal medium containing an abundance of Ca2 + (320 nmol/mg protein) and 
the NADH-linked oxidizable substrates malate and glutamate (minus rotenone). 
Under these conditions, mitochondrial respiration was initially rapid because of the 
active sequestration of Caz+ (Fiskum, 1984). Soon thereafter, respiration deceler
ated to an abnormally slow pace because of Ca2+ -induced swelling, disruption of 
the outer membrane, and loss of cytochrome c into the surrounding medium (Chap
pell and Crofts, 1965). The subsequent addition of rotenone, succinate, and excess 
cytochrome c was then used to initiate rotenone-insensitive, FADHz-linked respi
ration. At this point, the mitochondria were uncoupled (leaky to protons) and could 
not be further stimulated by FCCP. When rat liver mitochondria were incubated 
under these conditions, the addition of lipoxygenase was followed by a period of 
very active oxygen consumption. Moreover, the lipoxygenase-mediated oxygena
tion of swollen mitochondria resulted in a greater than 50% inhibition of succinate
dependent mitochondrial respiration (Fig. 1B) and complete release of intramito
chondrial enzymes into the surrounding medium (data not shown). Since the normal 
Ca2+, Mg2+ permeability barrier of the outer mitochondrial membrane to large 
molecules was lost during the Ca2 + -induced swelling, these results suggested that 
the inner membrane may be the primary site of attack by the reticulocyte lipoxy
genase. 

Experiments such as those described in Fig. 1 were also performed with 
mitochondria that had their outer membranes physically removed by digitonin sol
ubilization and subsequent centrifugation (Schnaitman and Greenawalt, 1968). As 
expected, these "mitoplast" preparations were as good or better substrates for the 
reticulocyte lipoxygenase than the Ca2+ -swollen mitochondria were. For intact 
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mitoplasts, the extent of lipoxygenase-dependent oxygen consumption over a 5-
min period was 634 ± 127 ng-atoms O/min per mg mitochondrial protein (n = 7) 
versus 464 + 117 for swollen mitochondria (n = 8) and only 96 ± 50 for intact 
mitochondria (n = 7). The inhibition of mitochondrial electron transport was also 
greatest with the mitoplasts (86 ± 7%) compared to that for swollen mitochondria 
(66 ± 8%) or to the insignificant value obtained with intact mitochondria (7 ± 6%). 

The large difference in the extent of lipoxygenation and subsequent respiratory 
inhibition between intact mitochondria and either swollen mitochondria or mitoplasts 
indicates that mitochondria are rather poor substrates for the reticulocyte lipoxy
genase and that this is because of the inaccessibility of the enzyme to the mito
chondrial inner membrane. The lipoxygenase-mediated destruction of mitochondria 
observed by other investigators may have occurred under conditions (e.g., high 
phosphate concentrations) that predispose mitochondria to spontaneous swelling. 

One common means by which isolated mitochondria may undergo spontaneous 
degradation is the activation of endogenous phospholipase A2 and the release of 
free fatty acids from membrane phospholipids (Scarpa and Lindsay, 1972). We 
took the precaution of including BSA (1 mg/ml) in our medium to protect against 
damage caused by the possible presence of free fatty acids. The observation that 
BSA made little difference in the activity of the lipoxygenase toward rat liver 
mitoplasts (Table I) but completely inhibited the lipoxygenation of 20 J.LM free 
arachidonate (data not shown) indicated that mitochondrial phospholipid fatty acyl 
groups rather than free fatty acids had been oxygenated. This was confirmed by 
other studies to be described below in which lipid analyses were performed on the 
mitochondrial membranes after they had been incubated with the reticulocyte li
poxygenase. No oxygenated fatty acids were detected by thin-layer chromatography 
or mass spectrometry unless the reacted mitochondrial lipids were first subjected 
to saponification. 

Table I also describes the results of other experiments designed to determine 
the optimal conditions for lipoxygenation of the mitochondrial inner membrane. As 

TABLE I. Lipoxygenation of Rat Liver Mitoplasts 

Incubation 
conditions 

Control (+ BSA, CA2+, MG2+)Q 

-BSA 
+ Soybean lipoxygenaseb 

+ Boiled reticulocyte lipoxygenase 
+EGTA 
_Mg2+ 

+PMSF" 

Rate of oxygen consumption 
(% control) 

100 
80 
o 
o 
o 

135 
115 

• The conditions were the same as those used in the experiment described in Fig. lA (n = 2-10). 
b Purified soybean lipoxygenase was present at a concentration that gave the same rate of 0, 

consumption in the presence of free arachidonic acid as that for reticulocyte lipoxygenase. 
, Phenylmethyl sulfonyUluoride (PMSF) was present at a concentration of 0.3 mM. 
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noted earlier, lipoxygenation was dependent on the presence of the active reticu
locyte lipoxygenase. Thus, no O2 consumption was observed with soybean 15-
lipoxygenase or the heat-inactivated reticulocyte enzyme. Lipoxygenation was also 
entirely dependent on the presence of Ca2+ (but not Mg2+), as indicated by the 
100% inhibition caused by the presence of EGTA. This is particularly intriguing 
since the presence or absence of Ca2+ or EGTA had no influence on the lipoxy
genation of free fatty acids by either the reticulocyte or soybean enzymes. Prelim
inary results obtained with suspensions of rat liver mitoplasts and the reticulocyte 
lipoxygenase indicate that the KA for free Ca2+ falls within the range of 10-20 
/-LM. This suggests that Ca2 + may play a role in the triggering of mitochondrial 
lipoxygenation in vivo and adds the reticulocyte enzyme to the list of lipoxygenases 
that are regulated in one way or another by low concentrations of Ca2 + (Chapter 
14, this volume). 

The presence of the serine protease inhibitor phenylmethylsulfonylfluoride 
(PMSF) had no influence on the lipoxygenation of mitoplasts by the reticulocyte 
enzyme. Thus, proteolysis is probably not required for lipoxygenation when the 
inner membrane is accessible to the lipoxygenase. However, it remains to be de
termined whether proteolysis is necessary for lipoxygenation of mitrochondria pres
ent within the intact reticulocyte. 

3. PRODUCT FORMATION DURING 
MITOCHONDRIAL LlPOXYGENATION 

Very little information is available regarding the actual products formed during 
lipoxygenation of mitochondrial membranes by enzymatic or nonenzymatic mech
anisms. The reaction products have typically only been identified via determination 
of malonyl dialdehyde or other thiobarbituric-acid-reactive substances (see, e.g., 
Rapoport et ai., 1979; Schewe et ai., 1975). Thus, only the presence ofperoxidative 
products but not their identity has been determined. 

In order to gain further knowledge along these lines, we decided to analyze 
the lipids present in lipoxygenase-treated Ca2 + -swollen mitochondria with the aid 
of gas chromatography and mass spectrometry. At the end of a 15-min incubation 
of swollen mitochondria in the presence or absence of reticulocyte lipoxygenase, 
an aliquot of the suspension was taken and diluted 1 : 2 with methanol. Thereafter, 
chloroform and NaOH (0.2 M final concentration) were added to the methanolic 
solution in order to saponify the membrane lipids (90 min at 37°C). After the 
saponification reaction was neutralized with formic acid, the fatty acids and non
saponifiables were extracted with chloroform. This extract was further separated 
by silicic acid column chromatography into two fractions that were enriched with 
either oxygenated or nonoxygenated fatty acids. The fractions were then methylated 
and analyzed by gas chromatography or methylated and trimethylsilylated and 
analyzed by GC-mass spectrometry. 

Gas chromatography of the nonoxygenated fraction indicated that at least 50% 
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of 18:2, 20:4, and 22:6 fatty acyl groups had been utilized as substrates for the 
reticulocyte Iipoxygenase. The wide variety of products that were formed during 
the incubation is evident from the total ion chromatogram of the saponifiable, 
oxygenated membrane lipids shown in Fig. 2. Mass spectra of several of the more 
prominent peaks allowed us to tentatively identify several lipoxygenase products. 
These included monohydroxy-18:2, -22:6, and -20:4, trihydroxy-18:1 and -20:3, 
and II-OH-12,13-epoxy-18:1. Such products have also been observed after incu
bation of the reticulocyte lipoxygenase with polyunsaturated free fatty acids and 
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FIGURE 2. Gas chromatographic-MS analysis of saponified products (hydroxy-fatty-acid
enriched fraction) formed during incubation of reticulocyte lipoxygenase with swollen mitochon
dria: total ion chromatogram. Hydroxy fatty acid metabolites were isolated as described in the 
text. Methylated and trimethylsilylated products were analyzed on a Hewlett-Packard Model 
5992 GC-MS fitted with a column (2 mm x 100 cm) containing 1 % SE30. Samples were injected 
at a column temperature of 160°C and an injection port temperature of 220°C. After 1 min, a 
linear temperature program was initiated at 10°C/min and run to a maximum of 280°C. Mass 
spectra (60-700 amu) were acquired at approximately 1-sec intervals. Metabolite identification 
was based on comparison of experimental spectra of known compounds or based on known 
fragmentation patterns. 
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represent the metabolites of the originally formed hydroperoxides. The large amounts 
of monohydroxy compounds that were obtained in these experiments suggest that 
the hydroperoxy phospholipids may have been rapidly reduced to their respective 
hydroxides, possibly via the activity of mitochondrial glutathione peroxidase 
(Lawrence and Burk, 1976; Sies and Moss, 1978). 

These preliminary results indicate that identification of lipoxygenated mito
chondrial membrane lipids is feasible through the use of GC-mass spectrometry. 
Further progress along these lines will probably require separation of the lipoxy
genated products by HPLC prior to analysis by GC-mass spectrometry. In fact, 
such a procedure has recently been applied toward identification of the peroxidative 
products formed in the whole liver of carbon tetrachloride-treated animals (Hughes 
et ai., 1983). 

Further elucidation of the products formed during mitochondriallipoxygenation 
should increase our understanding of the structure-function relationships that exist 
between the mitochondrial membranes and normal or abnormal mitochondrial ac
tivities. This, in tum, may be helpful in determining the precise sequence of bio
chemical events that is responsible for mitochondrial degradation under physiolog
ical conditions (e. g., in the maturing reticulocyte) as well as under many different 
pathological conditions. 

4. CONCLUSIONS 

Intact rat liver mitochondria are poor substrates for reticulocyte lipoxygenase 
when suspended at 30°C in a cytosol-resembling medium. 

Greater than 50% of the mitochondrial polyunsaturated fatty acyl groups be
come oxygenated when the mitochondrial inner membrane is made accessible to 
the lipoxygenase enzyme. 

Mitochondrial inner membrane lipoxygenation results in almost total inhibition 
of mitochondrial electron transport and complete release of matrix enzymes into 
the suspending medium. 

Oxygenation of mitochondrial membranes by reticulocyte lipoxygenase re
quires micromolar concentrations of Ca2 + but is unaffected by the presence of high 
concentrations of BSA. These and other observations indicate that mitochondrial 
phospholipids are directly oxygenated by lipoxygenase in a Ca2+ -dependent and 
phospholipase-independent manner. 

The major saponifiable products generated during incubation of reticulocyte 
lipoxygenase with mitoplasts or swollen mitochondria are monohydroxy, trihy
droxy, and hydroxyepoxy derivatives of 18:2, 20:4, and 22:6 fatty acids. 
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The Major Pathway for 
Leukotriene 84 Catabolism in 
Human Polymorphonuclear 
Leukocytes Involves w-Oxidation 
by a Cytochrome P-450 
Enzyme 

STEVEN SHAK and IRA M. GOLDSTEIN 

1. INTRODUCTION 

Leukotriene B4 (L TB4), or 5(S), 12(R )-dihydroxy-6, 14-cis-8, 10-trans-eicosatetrae
noic acid, is a product of the 5-lipoxygenase pathway in human polymorphonuclear 
leukocytes (PMN) and has received a great deal of attention recently because of 
the role that it may playas a mediator of inflammation (Samuelsson, 1983). Leu
kotriene B4 acts in vitro to provoke directed migration (chemotaxis) as well as 
enhanced random migration (chemokinesis) of human PMN (Goetzl and Pickett, 
1980). It also provokes selective release of granule-associated (lysosomal) enzymes 
from cytochalasin-B-treated PMN (Goetz I and Pickett, 1980; Feinmark et at., 1981) 
and causes these cells to aggregate (O'Flaherty et at., 1981). In vivo, LTB4 induces 
adherence of PMN to the walls of postcapillary venules in the hamster cheek pouch 
(Dahlen et at., 1981), PMN-dependent increases in vascular permeability in rabbit 
skin (Wedmore and Williams, 1981), and exudation of PMN in human skin (Soter 
et at., 1983). 

STEVEN SHAK and IRA M. GOLDSTEIN • Cardiovascular Research Institute and Rosalind Russell 
Arthritis Research Laboratory. Department of Medicine. University of California. San Francisco, Cal
ifornia 94102, and Medical Service. San Francisco General Hospital, San Francisco, California 94110. 
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Results of recent studies indicate that L TB4 can be converted by mixed human 
leukocytes to products that are less biologically active (Hansson et ai., 1981; Camp 
et ai., 1982; Jubiz et ai., 1982; Salmon et ai., 1982; Powell, 1984). One pathway 
by which L TB4 can be catabolized appears to involve w-oxidation and yields 
5(S), I 2(R) ,20-trihydroxy-6 , 14-cis-8, lO-trans-eicosatetraenoic acid (20-0H-LTB4) 
and 5(S), 12(R)-dihydroxy-6, 14-cis-8, lO-trans-eicosatetraen-l ,20-dioic acid (20-
COOH-LTB4) (Hansson et ai., 1981; Powell, 1984). 

Using high-performance liquid chromatography (HPLC), we have developed 
a sensitive, reproducible assay that permits quantification of LTB4 and its w-oxi
dation products. With this assay, we have found that human PMN (but not human 
monocytes, lymphocytes, or platelets) convert exogenous LTB4 almost exclusively 
to 20-0H- and 20-COOH-LTB4. We also found that the pathway for w-oxidation 
in PMN is specific for LTB4 and 5(S),12(S)-dihydroxy-8,14-cis-6,1O-trans-eico
satetraenoic acid (5, 12-diHETE) and is sufficiently active to catabolize almost all 
of the L TB4 that is generated when PMN are stimulated by the calcium ionophore 
A23187. Finally, we found that the rate of w-oxidation of L TB4 in human PMN 
is markedly reduced by carbon monoxide, a potent inhibitor of ferrous heme en
zymes such as cytochrome P-450. 

2. HPLC ASSAY FOR L TB4, 20-0H-L TB4, AND 20-COOH-L TB4 

In preparation for analysis by reverse-phase HPLC, LTB4 and its w-oxidation 
products were extracted and partially purified from cell-free supernatants by chro
matography on Sep-Pak CI8 cartridges (Waters Associates, Milford, MA) using 
minor modifications of the method described by Powell (1982). Individual cartridges 
were pretreated with 20 ml ethanol followed by 10 ml distilled water. Supernatants 
were diluted with water to bring the final concentration of ethanol to 10% (v/v) , 
adjusted to pH 3.0 with HCI, and then passed through the cartridges. Cartridges 
were eluted sequentially with 5.0 ml 10% (v/v) ethanol, 5.0 ml chloro
form: petroleum ether (35 : 65), and 4.0 ml methyl formate. The methyl formate 
fractions contained LTB4, 20-0H-LTB4' and 20-COOH-LTB4 but were relatively 
free of polar phospholipids, arachidonic acid, and monohydroxy acids. Before 
analysis of HPLC, methyl formate was evaporated under nitrogen and replaced with 
100 I.Ll of solvent system A (see below). In experiments performed with synthetic 
20-COOH-LTB4' 20-0H-LTB4' LTB4 (generously provided by Dr. J. Rokach, 
Merck-Frosst, Montreal, Quebec), and prostaglandin B2 (PGB2) (Sigma Chemical 
Co., St. Louis, MO), recoveries after SEP-PAK chromatography were 81.0 ± 1.8%, 
83.9 ± 2.5%, 79.1 ± 3.1%, and 82.8 ± 2.2%, respectively (mean ± S.D., 
n = 7). Since there were no significant differences among the recoveries of the 
leukotrienes, recoveries of the internal standard, PGB2, were used to correct for 
losses during preparation of samples. 

HPLC was performed using a Beckman Model 334 gradient system (Beckman 
Instruments, Palo Alto, CA), a Techsphere-Ultra-CI8 column (5.0 J.Lm, 5.0 mm x 25 
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cm) (PhenomenexlHPLC Technology, Palos Verdes Estates, CA), and a Brownlee 
precolumn cartridge (Aquapore RP-300, 2.1 mm x 3.0 cm) (Brownlee, Santa 
Clara, CA). Petroleum ether, ethanol, and methyl formate were obtained from 
Mallinkrodt (St. Louis, MO), Alltech Associates (Deerfield, IL), and Eastman 
Kodak (Rochester, NY), respectively. All other organic solvents were purchased 
from Burdick and Jackson (Muskegon, MI). The gradient program shown in Fig. 
1 was devised to elute L TB4 and its w-oxidation products after the solvent front 
and to effectively wash and recycle the column in 45 min. Solvent systems A and 
B consisted of methanol: acetonitrile: water: acetic acid (35 : 25 : 45 : 0.02) and 
methanol: acetonitrile (75 : 25), respectively. Lipids were eluted at a rate of 1.0 
mllmin with continuous monitoring for UV absorbance at 280 nm. Although some 
variability was noted from day to day, retention times in consecutive experiments 
were highly reproducible. For example, in one series of consecutive experiments, 
retention times for 20-COOH-LTB4' 20-0H-LTB4' PGB2 , and LTB4 were 
8.35 ± 0.05, 9.00 ± 0.04, 15.17 ± 0.04, and 17.06 ± 0.05 min, respectively 
(mean ± S.D., n = 8) (Fig. 1). 

Integrated peak areas observed after repeated injections of a single amount 
(l.0-200 ng) of each lipid were highly reproducible, and there was a linear rela
tionship between the amounts of each lipid injected and the observed peak areas 

FIGURE 1. Reverse-phase HPLC 
assay for leukotriene B4 and its 00-

oxidation products. 
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(data not shown). Response factors for each lipid were calculated from the ratios 
of amounts to integrated peak areas. The 95% confidence limits for the response 
factors were determined to be ± 7.0%. Thus, integrated peak areas were used to 
quantify the leukotrienes. 

Lipids that were isolated and purified by reverse-phase HPLC were methylated 
with ethereal diazomethane as described previously (Shak et al., 1983) and subjected 
to normal-phase HPLC on a Techsphere-Ultra Silica column (5.0 flm, 5.0 mm x 25 
cm). (Phenomenex/HPLC Technology) with a Brownlee precolumn cartridge (Si, 
2.1 x 3.0 cm) Methyl esters were eluted isocratically at a flow rate of 2.0 mllmin 
with hexane: 2-propanol (100 : 12). Gas chromatography-mass spectrometry was 
performed as described previously (Shak et al., 1983). 

3. CATABOLISM OF EXOGENOUS LTB4 BY HUMAN PMN 

Polymorphonuclear leukocytes were isolated from venous blood of healthy 
adult donors by centrifugation on Hypaque-Ficoll, dextran sedimentation, and hy
potonic lysis of erythrocytes (Boyum, 1968). Isolated cells (95-98% PMN, 2-4% 
eosinophils, < 1 % monocytes and lymphocytes) were suspended in Hanks' balanced 
salt solution (GlBCO, Grand Island, NY) containing 1.3 mM CaClz and adjusted 
to pH 7.4 with NaHC03 . This buffer was used throughout. Suspensions of mono
nuclear leukocytes (10-20% monocytes, 80-90% lymphocytes, 0-2% eosinophils, 
< 1 % PMN) also were prepared by Hypaque-Ficoll centrifugation (Boyum, 1968). 

Cells were incubated with LTB4 in polypropylene test tubes at 37°C with 
constant agitation. Incubations were terminated by the addition of 1.5 volumes of 
ice-cold ethanol that contained 334 nglml PGBz (internal standard), followed by 
centrifugation at 12,800 x g for 1 min. Supernatants were either analyzed im
mediately or stored under nitrogen at - 20°e. 

When LTB4 (1.0 flM) was incubated at 37°C with highly purified human PMN 
(20 x 106 cellslrnl), only 15.4 ± 11.6% (mean ± S.D.; range, 3.0-36%; n = 13) 
of the LTB4 added initially was recovered intact after 15 min. In contrast, greater 
than 97% of LTB4 was recovered intact after incubation at 37°C for 15 min in 
buffer alone. Disappearance of LTB4 from reaction mixtures containing PMN was 
dependent on cell number. Recoveries of 63.8, 41.2, and 18.5% were observed 
after 15 min at 37°C when LTB4 (1.0 flM) was incubated with 1.0, 7.0, and 
20 x 106 PMN/ml, respectively. In addition, the disappearance of LTB4 in the 
presence of human PMN was dependent on temperature. Greater than 95% of LTB4 
(1.0 flM) was recovered intact after incubation with PMN for 15 min at O°C (n = 6). 

In these experiments, two more polar peaks that retained UV absorption char
acteristics of conjugated trienes appeared on reverse-phase HPLC coincident with 
the disappearance of LTB4 peaks (Fig. 2). These new peaks, which eluted with 
retention times of 8.1 and 8.9 min, were observed after 5 min of incubation. As 
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FIGURE 2. HPLC analysis of the catabolism of LTB4 by human PMN. Shown are representative 
reverse-phase HPLC chromatograms obtained after incubating L TB4 (1.0 fLM) with PMN 
(20 x 106/ml) at 3rC for 0, 5, 10, and 30 min. 

the duration of incubation increased, the peak with a retention time of 8.9 min 
diminished in area, whereas the peak with a retention time of 8.1 min increased in 
area. 

The products that eluted with retention times of 8. 1 and 8.9 min were identified 
in three ways as 20-COOH-LTB4 and 20-0H-L TB4 respectively. First, the material 
in the 8. \- and 8. 9-min peaks cochromatographed on reverse-phase HPLC with 
synthetic 20-COOH-LTB4 and 20-0H-L TB4. Second, when the material in each 
peak was collected separately, methylated, and subjected both to normal-phase and 
to reverse-phase HPLC, retention times were identical to those observed when 
methylated synthetic 20-COOH-L TB4 and 20-0H-L TB4 were chromatographed 
using both HPLC systems. Finally, the products in the 8.1- and 8.9-min peaks 
were identified as 20-COOH-L TB4 and 20-0H-L TB4 by gas chromatography-mass 
spectrometry. 
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3.1. Time Course of the Catabolism of Exogenous L TB4 by 
Human PMN 

The disappearance of LTB4 (l.Oj.LM) at 37°C from reaction mixtures containing 
20 X 106 PMN/ml was rapid (t1/2 of approximately 4 min). The accumulation of 
20-0H-LTB4 and 20-COOH-LTB4 also was rapid, particularly during the first 5 
min of incubation (data not shown). After 5 min of incubation, the concentration 
of 20-0H-LTB4 exceeded the concentrations of both LTB4 and 20-COOH-LTB4' 
After 10 min of incubation, however, the concentration of 20-COOH-LTB4 in
creased further, and the concentrations of 20-0H-LTB4 and LTB4 decreased pro
portionately. Greater than 90% of the LTB4 added initially could be accounted for 
during the first 10 min of incubation. 

Results of experiments using trace amounts of [3H]LTB4 (Amersham, Arlington 
Heights, IL) indicated that this compound was converted by human leukocytes 
almost exclusively to [3H]20-0H- and [3H]20-COOH-LTB4 (data not shown). In 
addition, the specific activity of each of the w-oxidation products was identical to 
that of the [3H]LTB4 added initially. w-Oxidation, therefore, is the major pathway 
for the catabolism of exogenous L TB4 in human PMN. 

3.2. Comparison of PMN with Other Cell Types for the Ability to 
Catabolize Exogenous L TB4 

Suspensions of human PMN prepared by Hypaque-Ficoll centrifugation and 
dextran sedimentation are contaminated with small numbers of mononuclear leu
kocytes and larger numbers of platelets. To determine whether these other blood 
cell types generate w-oxidation products from LTB4, paired experiments were per
formed using PMN and mononuclear leukocytes from the same donor (Table I). 
Suspensions of mononuclear leukocytes containing large numbers of platelets con
verted only small amounts of LTB4 to 20-0H- and 20-COOH-LTB4 (very likely 
attributable to contaminating PMN). Approximately 12-fold greater amounts of w
oxidation products were generated after 15 min in PMN-enriched suspensions. 
Although none of the cell types that we examined converted 20-0H- and 20-COOH
LTB4 very rapidly to other compounds, suspensions of mononuclear leukocytes and 
platelets did convert significant amounts of L TB4 to unidentified polar products. 
Nevertheless, it appears that among human peripheral blood cells, only PMN rapidly 
and efficiently catabolize LTB4 by w-oxidation. 

3.3 Specificity of w-Oxidation by Human PMN 

The specificity of w-oxidation was examined directly by incubating various 
dihydroxylated derivatives of arachidonic acid with human PMN. Leukotriene A4 
methyl ester (generously provided by Dr. J. Rokach) was hydrolyzed to generate 
all-trans conjugated isomers of LTB4 (6-trans-LTB4 and 12-epi-6-trans-LTB4), 
which were purified by HPLC as described previously (Shak et al., 1983). Soybean 
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TABLE I. Catabolism of LTB4 by PMN, Mononuclear Leukocy1es, 
and Platelets 

PMN-enriched suspensionb 

o min incubation 100 
15 min incubation 7 ± 5 

Mononuclear leukocyte/platelet-enriched suspension' 
o min incubation 100 

15 min incubation 71 ± 19 

20-0H - + 20-COOH-L TB 4a 

o 
81 ± 8 

o 
7 ± 5 

" Leukotnene B. (1.0 ~M) was incubated at 37°C with paired cell suspensions prepared from the 
same donor. Results are expressed as a percentage of the initial concentratIOn of LTB. added 
(mean:!: S.D., n ~ 4). 

b The PMN-enriched suspensions contained (per mI) 20 X 10' PMN, 6--8 X 104 eosinophils, 
<1 X 104 mononuclear leukocytes, and 20--80 X 10' platelets. 

C Mononuclear leukocyte/platelet-enriched suspensions contained (per mI) 80--J()() X 10' lympho
cytes,20 x 10' monocytes, <I x 10' PMN, <2 X 10' eosinophils, and >1 x 1010 platelets. 
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lipoxygenase (Sigma) was used to generate 5(S), 15(S)-dihydroxy-8, 11-cis-6, 13-
trans-eicosatetraenoic acid (5,15-diHETE) and 8(S),15(S)-dihydroxy-5,1l-cis-9,13-
trans-eicosatetraenoic acid (8,15-diHETE) from arachidonic acid (Shak et ai,. 1983). 
The doubly oxygenated compound 5, 12-diHETE was prepared by adding A23187 
(lOf,LM) (Sigma) to suspensions of human PMN containing large numbers of platelets 
(Lindgren et al.. 1981; Borgeat et al.. 1981). 

Whereas PMN converted large amounts of LTB4 and 5,12-diHETE to w
oxidation products, there was no catabolism by these cells of the 15-lipoxygenase 
products, 8, 15-diHETE and 5,15-diHETE. The two all-trans conjugated isomers 
of L TB4 underwent minimal w-oxidation. 

3.4. Catabolism of Exogenous L TB4 by Human PMN Stimulated 
with Phorbol Myristate Acetate 

Evidence has appeared recently suggesting that leukotrienes can be catabolized 
by human PMN as a consequence of the generation by these cells of oxygen-derived 
free radicals and H20 2 (Henderson et ai .. 1982; Henderson and Klebanoff, 1983a, b). 
Henderson and Klebanoff (1983b), for example, found that more LTB4 and leu
kotriene C4 were recovered from supernatants of chronic granulomatous disease 
PMN (which are unable to generate superoxide anion radicals and H20 2 ) (Babior, 
1978) than from supernatants of normal PMN after stimulation by A23187. Results 
of our studies suggest that oxygen-derived free radicals (e.g., superoxide) and/or 
H20 2 play only a minor role, if any, in the catabolism of L TB4 by PMN. 

To determine whether stimulation of PMN oxidative metabolism influences 
the catabolism of LTB4, we compared "resting" PMN with PMN stimulated by 
phorbol myristate acetate (PMA) (Sigma) for their ability to convert exogenous 
LTB4 to 20-0H- and 20-COOH-LTB4 (Table II). The PMA (500 ng/ml) did not 
stimulate PMN to produce either L TB4 or its w-oxidation products but did cause 
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TABLE II. Catabolism of LTB4 by PMN Stimulated with PMA 

PMA (ng/ml) 

o 
500 

20-COOH-L TB.a 

37 ± 9 
9 ± 4 

P < O.Olb 

20-0H-LTB4a 

32 ± 13 
26 ± 2 
P > 0.2b 

15 ±9 
39 ± 8 

P < 0.OO5b 

a Human PMN (20 X 10" cells/mI) were incubated with LTB4 (1.0 fLM) in the presence and absence 
ofPMA. Results are expressed as a percentage of the initial concentration of LTB4 (mean ± S.D.; 
n = 3). 

b A paired Student's I test was used to compare results obtained in the presence and absence of 
PMA. 

these cells to generate superoxide anion radicals (20-30 nmol cytochrome c re
duced/106 PMN per 5 min) (measured as superoxide-dismutase-inhibitable ferri
cytochrome c reduction) (Goldstein et at., 1975). Nevertheless, like "resting" PMN, 
PMA-stimulated PMN converted exogenous LTB4 primarily to 20-0H- and 20-
COOH-LTB4. Interestingly, PMN stimulated by PMA converted less L TB4 to its 
w-oxidation products and less 20-0H-LTB4 to 20-COOH-LTB4 than did "resting" 
PMN. Thus, even in PMN stimulated to produce abundant amounts of superoxide, 
w-oxidation is the major pathway for LTB4 catabolism. This is not surprising, since 
oxidants produced by stimulated PMN might react with L TB4 at or near sites of 
the double bonds (by abstraction of allylic hydrogen atoms or by direct addition) 
(Foote, 1968) but would not be expected to react with the relatively inert terminal 
methyl group to yield 20-0H- or 20-COOH- products. 

4. LEUKOTRIENE B4 GENERATION BY HUMAN PMN 
STIMULATED WITH THE CALCIUM IONOPHORE A23187 

Having confirmed the findings of others (Hansson et at., 1981; Camp et at., 
1982) that PMN stimulated by the calcium ionophore A23187 generate 20-0H
LTB4 and 20-COOH-LTB4' we also found that the pathway for w-oxidation is 
sufficiently active to catabolize almost all of the L TB4 that is generated by A23187-
stimulated PMN. Although there was some variability from experiment to exper
iment, we consistently found that PMN incubated with A23187 (0.1-20 j.LM) for 
60 min generated much larger amounts of 20-0H- and 20-COOH-LTB4 than of 
LTB4 itself (Fig. 3). 

Results of a representative experiment demonstrating the time course of L TB4 
generation and w-oxidation by human PMN stimulated by A23187 are shown in 
Fig. 4. After 60 min of incubation, much larger amounts of 20-0H- and 20-COOH
L TB4 than of L TB4 were detected in the medium surrounding PMN stimulated by 
10 j.LM A23187. In fact, only at the earliest time point sampled (i.e., 2 min) was 
more LTB4 detected than the total of its w-oxidation products. Concentrations of 
LTB4 reached a maximum after 5 min of incubation and then declined. In contrast, 



LEUKOTRIENE B4 CATABOLISM 

100 

90 

z 80 
:?: 
c... 

'" 70 
0 

~ 60 
0 
E 
Q. 

50 
Vl 
UJ 

Z 40 UJ 

0:: 
f-

0 30 :.:: 
::J 
UJ 

20 

10 

20-0H- + 20-COOH-L lB. / 

-" r 
I 
I 
I 
I 

I 
I , 

I 
I 
I 
I 
I 

.D 

/ 

\/ 
" / 

I 
I 

? 

I 
I 

I 

-

p_--o 
-

-

-

-

-

-

-

0 

... I LlB. • 

- - - - - -r;:.-"'--="".cli .'=~:::::===:I·l=-_~L-_--.Jl 
0.1 0.5 1.0 5.0 10.0 20.0 

A23187 Cu.M} 

105 

FIGURE 3. Generation of L TB4 and its w-oxidation products by human PMN stimulated with 
different concentrations of the calcium ionophore A23187. PMN (20 x 106 cells/ml) were in
cubated at 37°C for 60 min with A23187, and the quantities of L TB4 and total w-oxidation products 
were determined. 

concentrations of the w-oxidation products continued to increase. When PMN were 
stimulated by a low concentration of A23187 (0.5 J.LM), only negligible amounts 
of L TB4 were detected after 10 min of incubation (0.15 pmolll 06 PMN). In contrast, 
much larger amounts of 20-0H- and 20-COOH-LTB4 accumulated in the reaction 
mixtures gradually over 60 min (data not shown). Thus, almost all of the LTB4 
generated by PMN in response to stimulation with A23l87 can be catabolized by 
w-oxidation. 

Jubiz et al. (1982) reported that PMN stimulated by the synthetic chemotactic 
peptide N-formylmethionylleucylphenylalanine (FMLP) produced primarily small 
amounts of 20-COOH-LTB4' They suggested that FMLP "more specifically" stim
ulates the biosynthesis of 20-COOH-LTB4 by PMN than the biosynthesis of L TB4. 
Results of our studies, however, suggest that it is more likely that FMLP stimulates 
LTB4 synthesis in human PMN only weakly (resembling 0.5 J.LM A23187) and that 
the small amount of LTB4 produced by the cells is converted rapidly and almost 
completely to its w-oxidation products. 
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FIGURE 4. Time course of the generation of L TB4 and its w-oxidation products by stimulated 
PMN. Shown are the results of a representative experiment in which PMN (20 x 106 cells/ml) 
were incubated at 37°e with 10 ILM A23187. 

5. INHIBITION OF w-OXIDATION OF L TB4 BY CARBON 
MONOXIDE 

w-Oxidation of stabl~ prostaglandins in liver, adrenal, lung, and kidney is 
mediated by cytochrome P-450 enzymes and is inhibited by carbon monoxide 
(Kupfer, 1980). To determine whether catabolism of LTB4 by human PMN also is 
mediated by a cytochrome P-450 enzyme, experiments were performed to examine 
the effect of carbon monoxide on this process. The PMN were exposed to carbon 
monoxide using gas-saturated buffers (Omura and Sato, 1964). Buffer was first 
degassed under vacuum and then equilibrated with either carbon monoxide, nitro
gen, or air for 30 min. The effect of carbon monoxide on w-oxidation of LTB4 was 
then examined by suspending PMN in desired mixtures of carbon-monoxide-sat
urated and air-saturated buffers. Control experiments were performed with PMN 
suspended in mixtures of nitrogen-saturated and air-saturated buffers. 

w-Oxidation ofLTB4 (1.0j.LM) by PMN (20 X 106 cells/ml) exposed to carbon 
monoxide (carbon monoxide: oxygen ratio = 11) was inhibited significantly as 
compared to that observed in experiments with PMN exposed to nitrogen and air 
(Fig. 5). Inhibition varied with the ratio of carbon monoxide to oxygen and was 
completely reversible (data not shown). In addition, the amount of LTB4 detected 
in the medium surrounding PMN that had been stimulated with A23187 (lOj.LM) 
varied depending on whether the buffer was equilibrated with carbon monoxide or 
air. In contrast to the results shown in Fig. 4, large amounts of LTB4 accumulated 
in the medium during 60 min of incubation of PMN with A23187 in buffer containing 
carbon monoxide, and only small amounts of 20-0H- and 20-COOH-LTB4 were 
detected (data not shown). Reexposure of the reaction mixtures to oxygen after 60 
min of incubation resulted in the rapid disappearance of LTB4 and the accumulation 
oflarge amounts of20-0H- and 20-COOH-LTB4' Thus, carbon monoxide reversibly 
inhibits w-oxidation by PMN of both exogenous L TB4 and L TB4 generated after 
exposure of cells to A23187. w-Oxidation of L TB4 in PMN, therefore, resembles 



LEUKOTRIENE B4 CATABOLISM 107 

1.00 

~ 
Corbon Monoxide 

Z 
0 
~ « 0.50 
0:: 
f-
Z 
UJ 
U 
Z 
0 
U 0.25 ... 
CO 
f-
...J 

10 40 50 60 

DURATION OF INCUBATION (min) 

FIGURE 5. Inhibition of L TB4 w-oxidation by carbon monoxide. 

w-oxidation of prostaglandins in other cell types and probably is mediated by a 
cytochrome P-450 enzyme. 

6. CONCLUSIONS 

Polymorphonuclear leukocytes are the most prominent cell type observed at 
sites of acute inflammation. The precise role that L TB4 plays in provoking inflam
mation has not been determined. Results of our studies indicate that human PMN 
not only generate and respond to L TB4 but also are capable of catabolizing this 
mediator. They do so rapidly, specifically, and primarily by w-oxidation (mediated 
by a cytochrome P-450 enzyme). Although generation of LTB4 by PMN might 
promote inflammation, catabolism of LTB4 by PMN may be a mechanism whereby 
inflammatory reactions are modulated. 
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Hematin-Assisted Intramolecular 
Oxygen Transfer Mechanism Is 
Involved in the Formation of 
8-Hydroxy-11 ,12-epoxyeicosa-
5,9, 14-trienoic Acid (8H-11, 
12-EPETE) from 12-HPETE 

C. R. PACE-ASCIAK 

1. INTRODUCTION 

We recently described the isolation and structure of two hydroxyepoxides fonned 
from 12-HPETE by an enzyme system present in rat lung (Pace-Asciak et ai., 
1983a). These were shown to be 8-hydroxy-ll,12-epoxy (8H-ll,12-EPETE) and 
1O-hydroxy-ll,12-epoxy (lOH-ll, 12-EPETE) eicosatrienoic acid. Evidence was 
presented to show that both oxygen atoms in the hydroxyepoxides were derived 
from molecular oxygen (Pace-Asciak et ai., 1983a). Also, when [180]oxygenated 
12-HPETE was incubated with this enzyme preparation, 180 atoms were found in 
both the hydroxyl and the epoxide groups, suggesting that the hydroxyl group at 
carbon 8 and carbon 10 was derived from the hydroperoxide of 12-HPETE (Pace
Asciak et al., 1983a). However, whether the tenninal hydroxyl group of the hy
droperoxide of 12-HPETE was transferred via an inter- or intramolecular mechan
ism was not detennined. The present chapter reports evidence with a mixture of 
[ 160]_ and [180]-labeled 12-HPETE to show a unique intramolecular rearrangement 
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of 12-HPETE into the hydroxyepoxides catalyzed by bovine hematin in a protein
free environment as well as by a rat lung cytosol fraction. 

2. MATERIALS AND METHODS 

2.1. Preparation of [12-180 180]- and [12-160160]-[2H8]HPETE 

[2H8] 12-HPETE containing 180 180 or 160 160 was prepared as recently reported 
from rat platelets except that octadeuterated arachidonic acid was used as substrate 
(Pace-Asciak et al., 1983a). The [180]- and [160]-labeled HPETE were purified 
on HPLC using hexane/isopropanol/acetic acid (98/2/0.1 v/v) and two Resolve col
umns (Waters) connected in series. The HPETEs were stable to storage in distilled 
diethyl ether at - 20°C for several months. A mixture of [12_ 180 180]_ and 
[12_ 160 160]_[2H8]HPETE was made up in a ratio of 4 : 5, and an aliquot was assayed 
by GC-MS after reduction with triphenyl phosphine and conversion into the methyl 
ester and trimethylsilyl ether. 

2.2. Incubation of [12-180 180]- and [12-160160]-[2H8]HPETE (4: 5) 

2.2.1. Rat Lung Enzyme 

The above oxygen- and deuterium-labeled 12-HPETE mixture was incubated 
for 20 min at 37° with 3 ml of a 0-30% ammonium sulfate fraction in phosphate 
buffer of a rat lung high-speed supernatant prepared as described previously (Pace
Asciak et al., 1982, 1983a,b). The incubation was terminated by the addition of 
ice-cold methanol (3 m!) and ice-cold diethyl ether (12 ml). The contents were 
acidified to pH 3 with 0.5 N HCl and centrifuged at 2°e. The organic layer was 
removed, washed with water, centrifuged again, and transferred. The diethyl ether 
extract was taken to complete dryness in vacuo, redissolved in a small volume of 
ether, and subjected to derivatization for GC-MS analysis. 

2.2.2. Hematin 

The labeled l2-HPETE mixture (see above) was incubated for 20 min at 37°C 
in 1 ml phosphate buffer, pH 7.4, containing an equal amount of bovine hematin 
(Sigma). Workup of the incubation mixture was carried out as in Section 2.2.1 
above. 

2.2.3. Ferric and Ferrous Chloride 

These were used in separate experiments at a concentration of 6 x 10-6 M in 
incubations as above but containing [14C]-labeled l2-HPETE instead of the oxygen
and deuterium-labeled 12-HPETE. Analysis of the incubation products was achieved 
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by HPLC as above, and radioactive products were monitored through an on-line 
Berthold radioactivity detector. 

3. RESULTS AND DISCUSSION 

On incubation of 12-HPETE with the 0-30% ammonium sulfate fraction of 
rat lung high-speed supernatant, several products are obtained. These are 12-HETE 
and two isomeric hydroxyepoxides, i.e., 8H-II, 12-EPETE and IOH-ll, 12-EPETE 
(Pace-Asciak et al., 1983a). It is possible to isolate these hydroxyepoxides because 
the 0-30% ammonium sulfate fraction lacks to a large extent epoxide hydratase, 
which hydrolyzes the hydroxyepoxides to triols (Pace-Asciak et al., 1982, 1983a). 
In the present experiments, a mixture of 112- 180 180]- and [12- 160 160 loctadeuterated 
HPETE (4 : 5) was incubated with the 0-30% ammonium sulfate fraction of rat 
lung and after extraction with diethyl ether and derivatization into the pentafluo
robenzyl (PFB) ester trimethylsilyl (TMSi) ether, the products were analyzed by 
capillary column gas chromatography-mass spectrometry using negative ion chem
ical ionization detection (NICI). The use of NICI in the study was important because 
this type of GC-MS provides mass spectra for these compounds dominated by 
fragments (M-PFB) containing all oxygen and deuterium atoms of the substrate 12-
HPETE (Pace-Asciak, 1984a). 

The results for the extracted 12-HETE, 8H-l1, 12-EPETE, and IOH-11, 12-
EPETE are shown in Fig. lA with hematin as catalyst and in Fig. IB for the rat 
lung enzyme. The use of octadeuterated substrate was essential to distinguish prod
ucts derived from the substrate 12-HPETE from products derived from endogenous 
precursors in the rat lung enzyme experiments. It is clear from these data that the 
ratio of 180 : 160 of the substrate 12-HPETE is recovered in 12-HETE as well as 
in both hydroxyepoxides. Furthermore, the latter contain either two 180 atoms or 
two 160 atoms with negligible amounts of the mixed species, i.e., 180 160. In both 
experiments, i.e., hematin and rat lung, some hydrolysis of 8H-II, 12-EPETE took 
place as observed by the presence of the trihydroxy derivative 8, II, 12-THETE. 
The present data show that this product contained two 180 or two 160 atoms, as 
did its precursor, 8H-II,12-EPETE; the third oxygen atom contains 160 (derived 
from water), confirming our previous observations (Pace-Asciak et al .. 1983a). 
These experiments demonstrate that the terminal hydroxyl group of the hydrope
roxide of 12-HPETE is transferred by the action of both hematin and the rat lung 
enzyme (I) to the C-8 alkyl position with double bond migration from /lH(cis) to 
/l9(trans; unpublished observations) and epoxide formation at C-ll, 12; or (2) to 
the C-IO alkyl position with epoxide formation at C-II, 12. 

In order to gain some information on the role of iron and possibly the porphyrin 
group on this unique intramolecular rearrangement, the effect of FeCh and FeCI 3 

was investigated. Figure 2 shows HPLC patterns comparing the effect of hematin 
and both iron chlorides on the production of the hydroxyepoxides. It is clear from 
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(A) Hematin and (B) rat lung 0-30% ammonium sulfate fraction. Products were analyzed as 
PFB'TMSi derivatives using the SIM mode (see Section 2.2 for details). 

12ttP£lE 
HEMATIN 
+iWEEN 40 

E~·2 

I 

'I . 
I ~\ \ " I , : I.' \ 

oj ... ~' .. " ,/'II~ 'f;'1; \' ", :" J~ '~'J" \ ... 
Fe ·:II 
• TWEEN 40 

, 
\ " " ' \ . "',: l\ 1 / ti , I ;.\.~ 1 \ 

0 ..... ' "'" »< .. , , ~ -II. 

~ J fa " 
+TWEEN 40 

\ J,. . 
J I \ ~ .1.. .. , J, 

o I"~II ~..."...... ",I" . t.:;,;'1·'''r I. 
,o ls20~lc 

TIME (MINUTES) 

FIGURE 2. High-performance LC profiles of extracts derived from incubation of [1_14C]12-HPETE 
in phosphate buffer containing hematin (0.6 f,LM), FeCI2 (6 f,LM), and FeCI3 (6 f,LM). EH-1 
10H-11 ,12-EPETE; EH-2 = 8H-11, 12-EPETE. 
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MECHANISM OF FORMATION OF 8H-11,12-EPETE 
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FIGURE 3. Scheme depicting a hematin-assisted intramolecular transfer of the terminal hy
droxyl group from 12-HPETE to form two hydroxy epoxides as shown in this study. Reaction 
also proceeds with a rat lung preparation. Products shown have recently been renamed; 
EH-2 = hepoxilinA3;EH-1 = hepoxilin83;8,11,12-THET = trioxilinA3;10,11,12-THET = trioxilin 
83. (From Pace-Asciak and Martin, 1984b). 

these data that 8H-ll, l2-EPETE was only formed with hematin as catalyst, although 
lOH-ll,12-EPETE could be formed in all three experiments. These data reveal a 
requirement for the porphyrin moiety in the transfer of the OH group from 12-
HPETE to the C-8 position, although its transfer to the proximal C-lO position is 
not as greatly affected by the absence of the porphyrin moiety. 

These results favor a molecular complex in which the porphyry I moiety of 
hematin is associated with the .:l8.JQ conjugated diene system of l2-HPETE possibly 
aligning the diene through some form of van der Waals forces for intramolecular 
transfer of the hydroxyl group from the hydroxperoxide (Fig. 3). Molecular com
plexes between porphyrins and aromatic compounds have previously been described 
(Hill et ai., 1973; Konishi et at., 1980), making possible a four-way interaction in 
a cage system composed of iron-hydroperoxide-diene-porphyrin (see scheme in 
Fig. 3). Our recent observation of a similar transformation by hemoglobin indicates 
that the protein part of hemoglobin does not interfere with or participate in this 
intramolecular rearrangement of l2-HPETE (Pace-Asciak, 1984b). 

Since l2-HPETE is abundantly formed by activated platelets, formation of the 
hydroxyepoxides studied in this chapter could be envisaged in vivo through hemo
globin catalysis. In view of our recent demonstration that 8H-ll, l2-EPETE is quite 
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potent in enhancing glucose-stimulated insulin release in isolated pancreatic islets 
(Pace-Asciak and Martin, 1984a), formation of these hydroxyepoxides could have 
profound physiological or pathophysiological significance. Similar transformations 
in the 15-HPETE series (Sok et al., 1983) and the C18 series (Dix and Marnett, 
1983; Garssen et al., 1976; Hamberg, 1975) have recently been reported, making 
catalysis of fatty hydroperoxides by hemoglobin and related substances a general 
phenomenon. 
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Metabolism by Glucocorticoids 

FUSAO HIRATA 

1. INTRODUCTION 

12 

Glucocorticoids are hormones from the adrenal cortex and have diverse effects on 
the metabolisms of purines, fats, amino acids, and carbohydrates in a variety of 
tissues and organs. The actions of glucocorticoids have been well documented with 
respect to the capacity of organisms to resist environmental changes and noxious 
stimuli, especially stress (Axelrod and Reissin, 1984). These hormones are reported 
generally to act in concert with a variety of other hormories in a permissive manner. 
Many hormones, neurotransmitters, and drugs cause release of arachidonic acid, a 
precursor of leukotrienes and prostaglandins, from target tissues or organs, and 
glucocorticoids suppress such receptor-mediated release of arachidonic acid (Kuehl 
and Egan, 1980). Since prostaglandins and leukotrienes are now believed to be 
inflammatory mediators, the antiinflammatory activity, a major action, of gluco
corticoids has been proposed to be associated with inhibition of this arachidonic 
acid release (Kuehl and Egan, 1980). In the present chapter, I describe the molecular 
mechanism of actions of glucocorticoids whereby these hormones block the release 
of arachidonic acid stimulated by hormones, neurotransmitters, and drugs. 

2. PHOSPHOLIPASE INHIBITORY PROTEIN(S) 

Arachidonic acid is present in an esterified form rather than as a free fatty 
acid. Therefore, the stimulation of receptors by various ligands appears to result 
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in activation of cellular phospholipase(s), enzymes that cleave fatty acids from the 
glycerol moiety of phospholipids (Kuehl and Egan, 1980). When neutrophils are 
stimulated by synthetic chemoattractants such as fMetLeuPhe, arachidonic acid is 
released mainly from the phosphatidylcholine fraction, suggesting that phospholi
pase A2 is activated by the stimulation of receptors for chemoattractants (Hirata et 
al., 1979; Borman et al., 1984). When these cells are treated with glucocorticoids, 
the f-Met-Leu-Phe-induced release of arachidonic acid is markedly suppressed (Hir
ata et al., 1981). However, the capacity to release this fatty acid after treatment 
with proteases or excess Ca2+ ionophores is still retained by glucocorticoid-treated 
neutrophils. These observations suggest that the treatment of cells with glucocor
ticoids results in induction of the synthesis of a phospholipase inhibitory protein(s) 
rather than in alterations in phospholipase A2 itself. 

By conventional methods, we purified this phospholipase inhibitory protein to 
near homogeneity from the culture media of rabbit neutrophils treated with glu
cocorticoids and named it "lipomodulin" (Hirata, 1981). On sodium dodecylsulfate 
electrophoresis, the purified protein has a molecular weight of 40,000 (Hattori et 
al., 1983). In addition to this species, proteins with apparent molecular weights of 
30,000 and 15,000 are also found to be immunoreactive with antilipomodulin 
antibody and to have anti-phospholipase-A2 activity in vitro (Hirata et al., 1982). 
Thus, it is tentatively thought that the smaller peptide might be derived from the 
species with the Mr = 40,000 (Hirata et al., 1982). Purified lipomodulin forms a 
stoichiometric complex with phospholipase A2. The extent of phospholipid hy
drolysis by porcine pancreatic phospholipase is not changed in the absence and 
presence of lipomodulin, but the initial rate of the phospholipase A2 reaction is 
reduced by lipomodulin in a dose-dependent manner. Furthermore, lipomodulin 
affects the apparent Ka of phospholipase A2 for Ca2 +, an activator, but not the 
apparent Km of phospholipase A2 for phospholipid substrates. Since certain types 
of detergents such as dodecylsulfate and deoxycholate can counteract the inhibition 
of phospholipase A by lipomodulin, it is likely that lipomodulin interacts with the 
hydrophobic region of phospholipases near the active site. 

3. MECHANISM OF INDUCTION OF THE SYNTHESIS OF 
LlPOMODULIN BY GLUCOCORTICOIDS 

Glucocorticoids are proposed first to bind to intracellular receptor proteins. 
The steroid-receptor complex is then transfered into nuclei, where it regulates the 
expression of genes and consequently the synthesis of proteins (Thompson and 
Lippman, 1974). The increased synthesis of lipomodulin in rabbit neutrophils is 
dependent on the affinities of glucocorticoids for the receptors. The action of glu
cocorticoids on the suppression of arachidonate release is blocked by cycloheximide 
or actinomycin D, inhibitors of protein synthesis (Borman et al., 1984). In addition, 
dexamethasone induces the synthesis of lipomodulin in U937 cells, a histiocytic 
leukemia cell line that has intracellular steroid receptors, but not in HL60 cells, a 
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promyeloleukemia cell line that has no steroid receptors (Table I). These obser
vations support the proposed mechanism whereby glucocorticoids exert their ac
tions. Further concrete evidence is that the level of mRNA in dexamethasone-treated 
U937 cells is three fold higher than that in the nontreated cells, as measured by 
the incorporation of [3H]leucine into lipomodulin after the translation of mRNA 
with reticulocyte lysates. How the transcription of the lipomodulin gene is regulated 
by the steroid-receptor complex remains to be elucidated. Probably, the complex 
binds to a specific site on the gene, as reported in the case of mammary tumor virus 
(Payver et al., 1983). Since cloning of the lipomodulin gene is currently being 
carried out in my laboratory, the questions will be solved in the near future. 

4. REGULATION OF CELLULAR PHOSPHOLIPASE A ACTIVITY 
BY LlPOMODULIN 

How phospholipase A2 is activated in a receptor-mediated fashion is a clue to 
understanding the mechanism of signal transduction across biomembranes. Since 
antilipomodulin antibody can bind to intact cells (Hirata et al., 1982), some parts 
of lipomodulin appear to reside on the cell surface. Lipomodulin can be cleaved 
by proteases such as trypsin and chymotrypsin. Under conditions in which the cells 
are not killed by proteases (as determined by the trypan blue exclusion test), the 
rates of arachidonic acid release are inversedly related to the amounts of anti
lipomodulin antibody bound to the cells. Since some receptors are well docu
mented to require activation of serine proteases for initiation of signaling (Glenn 
and Runningham, 1979), such cleavage of lipomodulin by membrane-bound 
serine proteases whose activities are activated in a receptor-mediated fashion might 
be one of the mechanisms to release arachidonic acid. 

On the other hand, protein phosphorylation is widely believed to control various 
intracellular events that occur in many cells after physiological stimuli. When 
purified lipomodulin is phosphorylated in vitro by various kinases (Hirata et al., 
1981, 1984), it loses the ability to inhibit phospholipase A2 . However, its dephos-

TABLE I. Increased mRNA Level by Glucocorticoids 

Glucocorticoid receptor 
sites per cell 
Km for dexamethasone (nM) 

Lipomodulin synthesized (cpmJlO4 cells)a 
minus dexamethasone 
plus dexamethasone 

mRNA for lipomodulin (%)" 

minus dexamethasone 
plus dexamethasone 

HL 60 cells 

100 

640 
640 

1.00 
1.00 

a Measured by incorporation of [H)-leUCine into the immunoprecipitable protein. 

U937 cells 

2,900 
18 

430 
1,160 

0.6 
1.8 
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phorylation by alkaline phosphatase restores its inhibitory activity, suggesting that 
the phosphorylation-dephosphorylation of lipomodulin is one of the mechanisms 
that regulate cellular phospholipase activity in a reversible way. In fact, the stim
ulation of neutrophils with tMetLeuPhe results in a transient increase in the phos
phorylation of lipomodulin followed by its dephosphorylation. Rates of the release 
of arachidonic acid follow an essentially identical time course (Hirata et al., 1981). 
Such a transient increase in phosphorylation followed by dephosphorylation is also 
observed in mitogen-stimulated lymph(\cytes (Hirata et al., 1984). 

5. SUMMARY 

Release of arachidonic acid requires activation of phospholipases. Such phos
pholipase activation is often observed in cells responding to various stimuli. Glu
cocorticoids induce the synthesis of a naturally occurring phospholipase inhibitory 
protein, lipomodulin, thus leading to inhibition of arachidonic acid release. This 
regulation appears to occur in the transcriptional stage rather than in the translational 
stage. Cleavage by proteases or phosphorylation by protein kinases inactivates 
lipomodulin and enhances the action of cellular phospholipases to release more 
arachidonic acid. Since the phosphorylated lipomodulin is rapidly dephosphorylated 
to restore its inhibitory activity on phospholipase A2 , the phosphorylation
dephosphorylation process appears to be a mechanism in short-term regulation of 
phospholipid metabolism. On the other hand, the resynthesis of lipomodulin ob
viously requires a longer time, which suggests that the degradation and resynthesis 
of lipomodulin might be a mechanism in the longer-term regulation of phospholipid 
metabolism (see Fig. 1). 

GLUCOCORTICOID-RESPONSIVE CELL 

Glucocorticoid Responses 

FIGURE 1. Hypothetical mechanism of glucocorticoid modulation of arachidonic acid release. 
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1. INTRODUCTION 

Leukocytes play key roles in mechanisms of body defense against both endotoxins 
and exotoxins. The factors involved in triggering such defense mechanisms involve 
an activation of cellular membrane processes, among which is the release from 
phospholipids of arachidonic acid (AA) and its subsequent conversion into various 
eicosanoids. The liberation of such eicosanoids [e. g., leukotrienes, prostaglandins 
(PGs), HPETEs], in addition to other processes, is involved not only in the de
struction of ingestible particles but also in the recruitment (chemotactic effect) of 
other cells for this process. All of these events depend on the generation and 
transmission of a membrane signal that involves mainly membrane metabolism and 
ion transport (Smolen et al., 1984). 

Recent studies have revealed that K + might p.lay a role in modulating the AA 
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cascade (Oelz et at., 1978; Dusing et at., 1982; Gill, 1980; Skrabal et at., 1981). 
Since Ca2+ also plays a fundamental role in triggering the AA cascade (Oelz et 
at., 1978), Ca2+ -dependent K+ permeability ([Ca2+]j-dep PK ) (Gardos, 1958; 
Kregenow and Hoffman, 1972; Lew and Ferreira, 1977, 1978; Hoffman et at., 
1980; Schartz and Passow, 1983) could serve as the mechanism that links [Ca2+]j, 
K+ efflux, and AA metabolism. As we have shown that [Ca2+ l-dep PK could be 
a part of the membrane signal of the A23187-stimulated rabbit platelet (Braquet et 
at., 1985), we decided to study the early events involved in such secretory phe
nomena using the A23187-stimulated human leukocyte. 

2. MATERIALS AND METHODS 

Blood samples (400 ml) of normal male volunteers, 20-30 years of age, were 
collected in the presence of CDP (citrate 0.11 M; phosphate, 16 mM; dextrose, 
0.13 M) and were centrifuged at 1000 g for 25 min. The leukocyte fraction was 
obtained following 6% dextran-500 sedimentation, centrifugation over Ficoll Paque 
(Pharmacia), and ammonium chloride (160 mM) + tris (170 mM) treatment. Then, 
the cells were suspended in the various incubation media (see below); the platelet
leukocyte ratio was :0;;;8.0. 

Two different buffers were used to prepare the incubation media. The standard 
phosphate-buffered medium contained (in mM): Na+, 146; K+, 4; Mg2+, 1: Cl-, 
142; HPO/-, 2.5; H2P04-, 0.5; glucose, 10 (pH == 7.4; determined osmolarity == 
284 mOsM). To change the Na + IK + ratio, the concentrations of Na + and K + 
were varied inversely over the range 0-150 mM. The media were buffered with 
both tris(hydroxymethyl)aminomethane (tris, 10 mM; Sigma) and 3-(N-morphol
ino)propanesulfonic acid (MOPS, 10 mM, Sigma) when Rb+ or Cs+ was used to 
replace K + or when the pH was varied. 

Both CaCl2 and MgCh were added to the leukocyte suspension to obtain 2 
mM and 0.5 mM final concentrations, respectively, and the suspensions were 
preincubated for 5 min at 37°C. Cells were then stimulated with the Ca2+ ionophore 
A23187 (1.5J.LM) and incubated for a further 5-min period. In the time-course study 
of the action of A23187, incubation periods were varied from 15 sec to 15 min. 
Incubations were stopped by addition of one volume of a mixture of methanoll 
acetonitrile (1/1, v/v) containing 200 ng of PGB2. In some cases, valinomycin was 
used to replace A23187 or was added together with A23187, either simultaneously 
or 5 min before the ionophore. The possible effects on eicosanoid release of the 
following ion-transport-modifying agents were determined: ouabain, quinine, te
traethylammonium, tetrodotoxin (TTX) , 4,4'-diisothiocyano-2,2'-disulfonic acid 
stilbene (DIDS), the cyanine dye di-S-C3(5), amiloride, apamin, bumetanide, pi
retanide, furosemide, and 4-aminopyridine. 

Various cyclooxygenase (CO) and lipoxygenase (LO) metabolites were deter
mined using reversed-phase high-performance liquid chromatography (RP-HPLC) 
or radioimmunoassay (RIA; Borgeat et at., 1984). 
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3. RESULTS 

The major metabolites that were released in the platelet leukocyte preparation 
(at pH 7.4 in standard medium) stimulated with the Ca2+ ionophore A23187 were 
5-HETE, LTB4, 5(S,12(S)-diHETE, and the isomers of LTB4 (tl6-trans LTB4 and 
12-epi-tl6-trans LTB4)' Metabolites of LTB4 (i.e., 20-0H LTB4 or 20-COOH
LTB4) as well as LTC4 and L TD4 were also detected (CO products were essentially 
due to the platelet contamination). 

A time-course study (also in physiological medium) revealed that A23187 did 
not induce any significant release of eicosanoids during the first 30 sec after its 
addition to the medium. However, eicosanoid release began 30-45 sec after addition 
of A23187, and maximal stimulated release usually occurred at 3-5 min. 

As [K + 10 was increased from 10 to 150 mM at the expense of [Na + 10, there 
occurred a progressive decrease in the release of all CO and LO metabolites that 
were monitored, the release being nearly abolished at 150 mM [K +10' At [K +10 = 0 
mM, the release of all eicosanoids monitored also was markedly reduced. Rubidium 
or Cs + , used in place of [K + 10, had essentially the same effect. 

Replacement of Na + by choline, in MOPS-tris-buffered medium, abolished 
the release of all eicosanoids monitored independently of [K + 10' Ouabain (3 x 10-3 

M), which inhibits the electrogenic Na + pump (Na +, K + -ATPase), produced a 
progressive, time-dependent partial inhibition of the release of both LO and CO 
metabolites in the standard medium. No significant change in the release of AA 
metabolites was observed in the presence of furosemide, bumetanide, or piretanide 
(all at 1O-7-1Q-4 M) in the standard medium. 

In the standard medium, apamin produced a slight inhibition of the CO path
way, the maximal effect usually being observed at 10-6 M or 10-7 M; quinine induced 
a strong inhibition of both CO and LO pathways but only at the highest concentration 
used (10-3 M); di-S-C3(5) at 10-4 or 10-3 M markedly inhibited both CO and LO 
pathways (Table I). 

In the standard medium, 4-aminopyridine (10-4 M) did not influence LO or 
CO pathways, but at 10-3 M, it inhibited the release of TxB2 (46% decrease) and 
LTB4 (30% decrease); TEA, even at 25 mM, did not influence LO or CO pathways; 

TABLE I. Effect of the Cyanine Dye Di-S-C3 (5) 
on Eicosanoid Release in A23187-

Stimulated Human Leukocytes plus Platelets 

Concentration (M) 
Eicosanoid release (percent of control)" 

of di-S-C,(5) TxB2 PGE2 LTB4 

10-' 16.1 25.2 17.4 
10-4 14.7 18.4 12.1 
10--5 40.0 57.1 37.1 
10-" 93.6 102.0 106.4 

" Means of three samples in all cases. 
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TIX induced a moderate effect on eicosanoid release, but only at the highest 
concentration used (1~ M): LTB4, -32%, 5-HETE, -42%, 20-0H-LTB4, -51%. 

When valinomycin and A23187 were added to the human leukocyte plus 
platelet preparation simultaneously, a significant synergistic effect appeared after 
5 min of incubation for the lowest concentrations of Ca2 + ionophore used (:,,;;; 10-6 

M) (Fig. I). This effect seemed to be maximal when the concentration of A23187 
was about 5 x 10-7 M and when the concentration of valinomycin was 10-5 M. 
A time-course study (0 to 180 sec) revealed that valinomycin significantly enhanced 
the initial rate of AA metabolite release. Conversely, when valinomycin was added 
10 min before A23187, inhibitory effects were usually observed for all concentra
tions of K + ionophore that were used. 

Variations of external pH (pHo) in the MOPS-tris-buffered medium produced 
profound modifications of the release of both CO and LO metabolites. Thus, at all 
values of pHo ~ 6.0, eicosanoid release was abolished. This effect was particularly 
evident for LTB4: at pHo = 6.5, LTB4 release was about 50% of control, whereas 
at physiological pHo (i.e., 7.4) release was maximal (Fig. 2). Alkaline conditions 
appeared to modify the profile of metabolites released in favor of nonenzymatic 
derivatives of LTA4 (.l6-trans-LTB4' 12-epi-LTB4)' In MOPS-tris-buffered me
dium, DIDS (10-5 M) profoundly inhibited eicosanoid release over the whole range 
ofpHo studied (i.e., 5.0-8.0). Amiloride 00-4 M) in MOPS-tris-buffered medium, 
like DIDS, inhibited the release of all eicosanoids that were monitored; inhibition 
was nearly complete at all pHo values ~7 .0. 

4. DISCUSSION 

The results presented herein have confirmed and extended those of previous 
workers concerning the characterization of early events involved in secretory phe
nomena associated with leukocyte activation. Concerning the finding that A23187 
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FIGURE 1. Dose-dependent effect of the mixture A23187 plus valinomycin versus A23187 
alone on L TB4 release in human leukocytes plus platelets. 
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initiated eicosanoid release 30 sec after its addition to the medium, it is noteworthy 
that the generation of superoxide (02 ' - ) by immune complex or by concanavalin 
A also occurred with a lag period of 30-42 sec (Korchak and Weissman, 1978). 
In support of results that have shown that modifications of [K +]0 led to changes 
in eicosanoid release in vitro (Oelz et ai., 1978; Dusing et ai., 1982) and in vivo 
(Gill, 1980; Skrabal et ai. , 1981), it is shown herein that eicosanoid release was 
also decreased in A23187 -stimulated leukocytes at various [K + ]0' The decreased 
eicosanoid release at [K +]0 = 0 was likely related to an inhibition of the electro
genic Na + pump and the subsequent membrane depolarization, whereas the de
creased eicosanoid release by high [K +]0 was probably related to an inhibition of 
the K + efflux that is associated with A23187 action in producing a transient hy
perpolarization. Eicosanoid release was also decreased when Na + was replaced by 
choline. These results, taken together with others (Showell et ai., 1977; Korchak 
and Weissman, 1980), indicate that at least three events involved in leukocyte 
activation (transmembrane signaling) are dependent on Na + influx. 

In line with a mechanism by which stimulation of K + efflux could be caused 
by an increased [Ca2 + ]j, which would favor opening of the K + channels ([Ca2+ ]j
dep P K ), Gallin et al. (1975) have shown that [Ca2 +]j-dep P K is involved in mac
rophage activation (see also Oliveira-Castro and Dos Reis, 1981), and it is shown 
herein that the inhibitors of [Ca2 +]j-dep PK , quinine and di-S-C3(5), markedly 
inhibited eicosanoid release. With further regard to the possible role of K + fluxes 
on eicosanoid release, it is shown herein that K + ionophore (valinomycin) does 
not trigger the AA cascade in leukocytes but that addition of valihomycin simul
taneously with A23187 had a synergistic effect on eicosanoid release. Thus, although 
K + efflux per se does not trigger the AA cascade, K + efflux coupled with Ca2 + 
mobilization appears to be important for this process. 

The results discussed above, together with those obtained by previous workers 
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on changes in membrane potential and Ca2 + efflux that occur during leukocyte 
activation, can be used to formulate the following sequence of events involved in 
leukocyte activation (see Fig. 3): Ca2 + mobilization and/or Ca2 + and Na+ in
fluxes ~ increased [Ca2 +1 ~ transient hyperpolarization via K+ efflux ([Ca2 +]i
dep PK ) and simultaneous commencement of Ca2 + extrusion or sequestering mech
anism ~ changes in Na + channels ~ Na + influx ~ membrane depolarization. 
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Postphospholipase Activation 
of Lipoxygenase/ 
Leukotriene Systems 

14 

JACK Y. VANDERHOEK and J. MARTYN BAILEY 

1. INTRODUCTION 

Once arachidonic acid is liberated by the action of acylhydrolases on cellular phos
pholipids or other esterified precursors, it can be metabolized either by the cycloox
ygenase or lipoxygenase pathways to a variety of biologically active compounds 
(Kuehl and Egan, 1980). Lipoxygenase metabolites including hydroperoxyeico
satetraenoic acids (HPETEs), hydroxyeicosatetraenoic acids (HETEs), and leuko
trienes appear to be involved in inflammatory processes (Samuelsson, 1983). 
Lipoxygenases in different cell types appear to exist in a relatively inactive site. 
An increasing number of studies indicate that the activation of different Iipoxy
genases can be accomplished by a diverse group of stimuli. It is the purpose of 
this chapter to discuss the research carried out in our laboratory on stimulators of 
mammalian lipoxygenases as well as to review the work of other investigators. 

2. 5-LlPOXYGENASE 

The 5-lipoxygenase initiates the conversion of arachidonic acid to leukotrienes 
via the formation of the 5-HPETE precursor. There are several reports that this 
enzyme can be activated by metabolites from other lipoxygenases. In the PT-18 
mast/basophil cell line, the 5-lipoxygenase oxidizes exogenous arachidonic acid to 
only a very small extent (Vanderhoek et ai., 1982). However, in the presence of 

JACK Y. VANDERHOEK and J. MARTYN BAILEY. Department of Biochemistry, George Wash
ington University School of Medicine and Health Sciences, Washington, D.C. 20037. 
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the 15-lipoxygenase reduction product 15-HETE, the production of 5-HETE and 
5,12-diHETE was stimulated in a dose-dependent manner by as much as 25- and 
6O-fold, respectively (Figs. 1, 2). This was the first demonstration that a cryptic 
lipoxygenase could be activated by a nonperoxidic lipoxygenase metabolite. The 
activation process occurs rapidly and is reversible. 

Th'ere appear to be definite structural requirements in the HETE molecule to 
activate this 5-lipoxygenase (Fig. 3): 15-HPETE is less effective, the 15-acetate 
derivative of 15-HETE is comparable to 15-HETE, whereas 15-HETE methyl ester 
and 12-HETE are ineffective. These results show that a free carboxyl group is 
essential. However, the oxygen functionality at C-15 does not have to be a free 
hydroxyl group, since both acetate and hydroperoxy groups are capable of stimu
lating the 5-lipoxygenase. Different results were observed with the human peripheral 
blood PMN 5-lipoxygenase. A four- to eightfold stimulation of this enzyme (as 

TG 

AA 

5 -HETE 

5, l2-di HETE 

ORIGIN 

CONTROL 15-HETE 

3 pM 22 pM 

FIGURE 1. Activation of S·lipoxygenase-catalyzed oxidation of arachidonic acid in PT-18 
mastlbasophil cells by lS-HETE. Autoradiograph of a thin-layer chromatogram of [14C]arachidonic 
acid metabolites formed by PT-18 cells in absence (left lane) or presence (center lane, 3 fLM; 
right lane, 22 fLM) of lS-HETE. AA, arachidonic acid; TG, triglycerides. 
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FIGURE 2. Effect of 15-HETE concentration on leukotriene 84 and 5-HETE formation in PT-
18 cells. PT-18 cells were preincubated with different concentrations of 15-HETE for 10 min at 
3r prior to the addition of ['4C]arachidonic acid; ['4C]5-HETE and ['4C]5,12-diHETE (including 
leukotriene 84) formation were analyzed by thin-layer chromatography; products, located by 
autoradiography, were scraped and counted in a liquid scintillation counter. 

evidenced by 5-HETE and 5, 12-diHETE production) was observed when these cells 
were coincubated with platelets, exogenous arachidonic acid, and calcium (Maclouf 
et ai., 1982a). The optimum platelet-to-leukocyte ratio was 25 : 1. It was found 
that the activation was caused by the platelet 12-lipoxygenase product 12-HPETE, 
and maximal activation was observed at 3-4 j.LM 12-HPETE. The reduction product 
12-HETE was ineffective. It is possible that the stimulating effect of 12-HPETE 
may be a somewhat nonspecific hydroperoxide effect, since low concentrations of 
fatty acid hydroperoxides have been reported to be essential in reducing the initial 
lag phase of other lipoxygenation reactions (Smith and Lands, 1972; Siegel et ai., 
1979). These findings contrast with those reported above for the PT-18 cells, where 
the 15-HETE was a more effective stimulator than the corresponding hydroperoxy 
15-HPETE. Furthermore, the observed activation of the PT -18 5-lipoxygenase ap
pears to be highly cell specific in view of our earlier report that 15-HETE inhibits 
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FIGURE 3. Effect of various 15-HETE derivatives on the 5-lipoxygenase activity in PT-18 cells. 
The 5-HETE formation from [14C]arachidonic acid was measured as described in the legend of 
Fig. 2. 

the 5-lipoxygenase in rabbit peritoneal PMNs (Vanderhoek et at., 1980). It appears 
that the activation mechanisms of the 5-lipoxygenase in the PT-18 and leukocyte 
systems are probably quite different. 

A variety of other substances have also been reported to stimulate mammalian 
lipoxygenases. The 5-lipoxygenase in human PMNs is normally in a relatively 
inactive state (Borgeat and Samuelsson, 1979). However, in the presence of both 
arachidonic acid and the calcium ionophore A23187, the production of 5-HETE 
and 5, 12-diHETE was stimulated by as much as 20- and 50-fold, respectively. This 
result suggested that the PMN 5-lipoxygenase was Ca2 + dependent. This was 
confirmed in RBL-l cells, where it was established that the 5-lipoxygenase present 
in the 10,000 x g supernatant of RBL-l cells was stimulated by Ca2 + in a dose-



POSTPHOSPHOLIPASE ACTIVATION 137 

dependent manner (Jakschik et al., 1980). Thus, 0.4 mM Ca2 + increased 5-HETE 
formation from exogenous [14C]arachidonic acid fivefold. Subsequent work showed 
that Ca2 + induced a dimerization from an inactive 90,OOO-molecular-weight mon
omer to an active 189-190,000 dimeric species (Parker and Aykent, 1982). 

Human PMNs metabolized exogenous arachidonic acid (250 f.LM) complexed 
with albumin predominantly to 5-HETE and LTB4 on stimulation with the inflam
matory agent N-formyl-Met-Leu-Phe or the complement component C5a (Clancy 
et al., 1983). No lipoxygenase metabolites were formed in the absence of these 
chemotactic factors, nor do these factors stimulate membrane phospholipases to 
release endogenous arachidonic acid under the experimental conditions used. Thus, 
C5a (0.1 f.LM) increased 5-HETE production in 107 cells from <7 pmol to 440 
pmol, whereas LTB4 formation was increased from <2 pmol to 66 pmol. The 5-
lipoxygenase from guinea pig peritoneal PMNs also exhibited a Ca2 + requirement 
(Ochi et al., 1983). Other divalent cations such as Cu2 + or Fe2 + were ineffective. 
The enzyme activity was further increased by the addition of ATP. A maximum 
fourfold stimulation of 5-HETE and LTB4 production was observed with about 2 
mM ATP. Other nuc1eotides were less effective. 

The human myeloid cell line K562 produces 5-HETE as well as 11I12-HETE 
and 15-HETE from exogenous arachidonic acid. The tumor promoter 12-0-tetra
decanoylphorbol-13-acetate was reported to increase 5-HETE formation less than 
twofold (Valone et al., 1983). The non ionic detergent BRIJ56 was recently reported 
to enhance the 5-lipoxygenase in rat pleural neutrophils (Myers and Siegel, 1983). 
Although maximal production of metabolites could be induced by either 0.1 % 
detergent or 10 f.LM A23187, a further augmentation of product formation was 
observed when both of these agents were present. A nearly sevenfold stimulation 
of 5-HETE was observed with 0.1 % BRIJ56 and 10 f.LM A23187 compared to 
A23187 alone. These workers also found that the nonsteroidal antiinflammatory 
drugs indomethacin, ibuprofen, and naproxen stimulated the 5-lipoxygenase in the 
rat neutrophils at concentrations that inhibited the cellular cyc100xygenase activities. 
A maximal 50% enhancement was observed with I f.LM indomethacin. Table I 
summarizes the effects of different stimulators on various mammalian 5-lipoxy
genases. 

3. 12-LlPOXYGENASE 

The platelet was the most commonly used cell source in the various reports 
on the activation of mammalian 12-lipoxygenases. The human platelet 12-lipoxy
genase was shown to be stimulated by its own arachidonic acid metabolite, 12-
HPETE (Siegel et al., 1979). A twofold stimulation was observed in platelet ho
mogenates, and half-maximal activation occurred at about 0.33 f.LM 12-HPETE. 
The corresponding reduction product, 12-HETE, was inactive. Since 8-HPETE, 9-
HPETE, and II-HPETE were less effective than 12-HPETE, there is an isomeric 
specificity for this activation process. Inhibition of the platelet cyc100xygenase 
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pathway by aspirin or indomethacin resulted in a lag phase in 12-HETE production 
from arachidonic acid (Hamberg and Hamberg, 1980). These results suggested that 
(endo )peroxide intermediates formed by the fatty acid cyc100xygenase pathway can 
also activate the platelet 12-lipoxygenase. 

Although the platelet 12-lipoxygenase present in the 8000 X g supernatant 
was shown to have no Ca2 + dependence (Jakschik et at., 1980), two drugs known 
to interfere with intracellular Ca2 +, the membrane drug chlorpromazine and the 
intracellular Ca2 + antagonist 8-(N ,N-diethylamino )-octyl-3 ,4,5-trimethoxyben
zoate, selectively stimulated exogenous arachidonic acid oxidation via the 12-li
poxygenase pathway in intact human platelets by a factor of two to three (Maclouf 
et at., 1982b). A coronary vasoconstrictor factor isolated from human plasma was 
reported to stimulate 12-HETE formation from exogenous arachidonic acid in human 
platelet preparations about sixfold (Moretti and Lin, 1980~. Factors present in serum 
from adjuvant arthritic rats were also reported to specifically enhance lipoxygenase 
activities in rabbit and horse platelet preparations and rat peritoneal macrophages 
(Ahnfelt-Ronne and Arrigoni-Martelli, 1980). These factors were partially purified 
and had a molecular weight range of 100,000. Eosinophil stimulation promoter, a 
murine Iymphokine that enhances eosinophil migration, was recently reported to 
induce a two- to threefold increase in 12-HETE production in murine eosinophils 
(Turk et at., 1983). 12-0-Tetradecanoylphorbol-13-acetate doubled 11112-HETE 
production in human K562 cells (Valone et at., 1983). The data on the stimulation 
of the 12-lipoxygenase are summarized in Table II. 

4. 15-LlPOXYGENASE 

The 15-lipoxygenase in peripheral blood PMNs is in a relatively inactive state 
since these cells oxygenate only small amounts of exogenous arachidonic acid to 
15-HETE (Borgeat and Samuelsson, 1979). We have recently found that the non
steroidal antiinflammatory agent ibuprofen selectively activates the human PMN 
15-lipoxygenase (Vanderhoek and Bailey, 1984). Pretreatment of the PMNs with 
1-5 mM ibuprofen prior to the addition of exogenous e4C]arachidonic acid resulted 
in the stimulation of 15-HETE formation (up to 20-fold), whereas no enhancement 
of the 5-lipoxygenase activity was observed under these conditions (Fig. 4). The 
activation was readily reversible (Fig. 5), and maximum stimulation of the 15-
lipoxygenase was observed when the time interval between the addition of ibuprofen 
and arachidonic acid was less than 1 min. When the effects of aspirin, indomethacin, 
and ibuprofen on the 15-lipoxygenase were compared in six donors, ibuprofen 
produced an average ninefold increase, whereas aspirin and indomethacin produced 
only 1.5- and twofold enhancements, respectively (Table III). Indomethacin also 
has been reported to stimulate the partially purified 15-lipoxygenase in rabbit peri
tonealleukocytes, although only a 65% enhancement in 15-lipoxygenase metabolite 
formation was observed (Narumiya et al., 1981). These workers also reported that 
this enzyme lacked any divalent cation dependence. The tumor promoter 12-0-
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CONTROL IBUPROFEN 

1 mM 5 mM 

TG-

AA-

15-HETE-

5-HETE-

DIHETE-

ORIGIN-

FIGURE 4. Activation of human PMN 15-lipoxygenase by ibuprofen. Autoradiograph of 
[14C]arachidonic acid metabolites formed by human peripheral blood PMN leukocytes in the 
absence (left lane) or presence (middle, 1 mM; right, 5 mM) of ibuprofen. Products were extracted 
and separated by thin-layer chromatography; 15-HETE was ider)tified by ultraviolet spectros
copy, radioimmunoassay, and HPLC retention times in comparison with authentic 15-HETE. 

tetradecanoylphorbol-13-acetate increased 15-HETE production in human K562 
cells about 60% (Valone et at., 1983). The effects of different activators on the 
15-lipoxygenase are summarized in Table IV. 

5. NEW REGULATORY SITE OF LlPOXYGENASE-CATALYZED 
ARACHIDONIC ACID METABOLISM 

It is generally accepted that formation of the different classes of biologically 
active arachidonic acid metabolites is initialIy controlled by cellular lipase activity, 
which releases arachidonic acid from cellular lipid pools . As shown in Fig. 6, the 
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10 2 3 4 
~ r--
Il. -
0 
#. 

8 z 
0 
i= 
<C 
~ 6 a:: 
0 u.. 
W 
I- 4-w 
:r; 
10 
~ 

'G' 2-.. 
-=... 

0 n n 
FIRST IBUPROFEN (5mM) + + + 

WASH TREATMENT + + 
SECOND IBUPROFEN (5mM) + 

FIGURE 5. Reversibility of ibuprofen activation of human PMN 15-lipoxygenase. The 15-HETE 
formation from [14C)arachidonic acid with untreated PMNs and that with 5 mM ibuprofen-treated 
PMNs are shown in columns 1 and 2, respectively. Other ibuprofen-treated cells were washed 
with 1 % bovine serum albumin to remove the original ibuprofen. After these washed PMNs were 
resuspended in buffer, 15-HETE formation was measured in one aliquot that was incubated 
with [14C)arachidonic acid (column 3) and in a second aliquot that was treated with ibuprofen 
(5 mM) prior to the addition of arachidonic acid (column 4). 

TABLE III. Relative Potencies of Ibuprofen, Aspirin, and 
Indomethacin in Stimulating the PMN 15-Lipoxygenase in 

Different Human Subjects 

Stimulation of [14C]15-HETEa fonoation (times control) 

Ibuprofenb Aspirinc Indomethacind 

Subject 5mM 5mM 0.7 mM 

W.M. 12.4 1.1 1.1 
G.K. 10.4 2.0c 1.8 
T.H. 13.6 3.4 2.2 
T.S. 6.4 1.0 0.79 
I.S. 6.6 1.3 4.7 
J.V . 5.4 0.58 I.l d 

• Stimulation of [1'C)l5-HETE fonnation from [14C]arachidonic acid. Values obtained are 
relative to controls without the drug. 

• Concentration range tested was 0.2-5 mM. At 5 mM, ibuprofen exhibited highest stimulation 
of the 15-lipoxygenase. 

c Concentration range tested was 0.2-8 mM. At 5 mM, aspirin exhibited highest stimulation 
except in subjects G.K. and J.Y., where 0.4 and I mM, respectively, were found to be the 
optimum concentrations. 

d Concentration range tested was 0.05--0.7 mM and was not further extended because of 
insolubility of indomethacin at higher concentrations. At 0.7 mM, indomethacin exhibited 
highest stimulation of the 15-lipoxygenase except in subject J.Y., where 0.05 mM was 
found to be the optimum concentration. 
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activation of the inactive acylhydrolase results in the hydrolysis of arachidonic acid 
from membrane lipids and is the first site of regulation of arachidonic acid metab
olism. Once free arachidonic acid has become available, it can be metabolized by 
either the cyclooxygenase pathway or various lipoxygenase routes. The studies of 
Lands and co-workers have shown that the activation of the cyclooxygenase enzyme 
constitutes a secondary control point in the conversion of arachidonic acid to the 
different prostanoids (Lands, 1984). In view of our data as well as those of other 
investigators, which have been discussed above, we now propose that a second 
postlipase control point also exists in the formation of lipoxygenase metabolites. 
This second regulatory feature involves the conversion of inactive lipoxygenase to 
an active lipoxygenase species, which is the necessary prerequisite to the formation 
of lip oxygenase metabolites such as leukotrienes (see Fig. 6). The structural diversity 
of the various lipoxygenase activators indicates that they probably act via different 
mechanisms, although it is possible that they may act via a common final step that 
results in the active lipoxygenase. Delineation of these mechanisms should suggest 
new hypotheses for potential modulation of inflammatory reactions. 
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Regulation of Cyclooxygenase 
Synthesis in Vascular Smooth 
Muscle Cells by Epidermal 
Growth Factor 

J. MARTYN BAILEY, TIMOTHY HLA, 
BARBARA MUZA, and JAMES PASH 

1. INTRODUCTION 

15 

The prostaglandin synthases, which are widely distributed throughout the various 
organ systems of the body, are activated primarily by release of substrate arachidonic 
acid from cellular phospholipids (Hamberg et al., 1975). These prostaglandin
synthesizing systems may become refractory to further challenge by arachidonic 
acid substrate because of a self-inactivating feature of the cyclooxygenase enzyme 
first characterized by Smith and Lands (1972). This is mediated by free-radical 
intermediates of the reaction, which permanently inactivate the enzyme. An anal
ogous refractoriness also develops following exposure to aspirin (Vane, 1971) and 
is caused by acetylation of a serine residue in the active site (Roth et al., 1975). 

Recovery from the refractory state depends on the ability of the affected tissue 
to synthesize new cyclooxygenase enzyme and to integrate it into the phospholipase
activating systems of the cell (Whiting et al., 1980). Thromboxane (TxA2) synthesis 
in blood platelets, which have essentially no protein-synthesizing machinery, is 
permanently inactivated following a single exposure to aspirin. Platelet aggregation 
is thus permanently impaired for the remainder of the 9- to 10-day circulating life 
span of the platelet. These observations have led to a number of clinical trials to 
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test the effectiveness of aspirin in preventing heart attacks, since platelets are 
believed to be involved at several stages in the events that culminate in coronary 
thrombosis (Ross and Glomset, 1976). (For a review of these trials, see Chapter 
39 of this volume.) 

Prostacyclin (PGI2) synthesized in blood vessels via the cyclooxygenase en
zyme is a potent inhibitor of platelet aggregation, and PGI2 release is believed to 
underlie the well-known property of vascular tissues to resist platelet adhesion and 
aggregation (Moncada et al., 1977). It is apparent that inactivation of vascular 
prostacyclin synthesis by aspirin could oppose the beneficial antiaggregatory effects 
of aspirin on the platelets per se. There is evidence that these opposing activities 
may account for the equivocal results observed in clinical trials using high-dose 
aspirin (W eksler, 1983). 

It has been shown that prostacyclin synthesis by cultured vascular smooth 
muscle cells can become refractory to further stimuli following a single exposure 
to either arachidonic acid or the physiological releasing agent thrombin or following 
brief exposure to low levels of aspirin (Bailey, 1980). This chapter describes ex
periments that characterize the recovery of prostacyclin synthesis in refractory 
vascular smooth muscle cells following either self-inactivation or inactivation by 
aspirin. It was found that recovery takes place relatively rapidly (within 1-2 hr) by 
a process that is sensitive to the protein synthesis inhibitor cycloheximide but that 
is not suppressed by actinomycin D. The recovery process showed an absolute 
requirement for a macromolecular component of serum, which has been identified 
as epidermal growth factor (EGF). 

2. METHODS 

2.1. Cell Culture Procedures 

Confluent cultures of rat aorta smooth muscle cells were isolated from the 
aortas of Wistar rats by sequential elution of the cannulated vessel with collagenase 
and trypsin (Bailey, 1980). Cells were maintained in 25-cm2 or 75-cm2 flasks 
(Costar). Cells were grown in NCTC-135 or Ham's F 12 (Flow Laboratories) 
medium buffered with HEPES (Fisher) (hereinafter referred to as basal medium) 
and supplemented with 10% fetal bovine serum (M.A. Bioproducts). Antibiotics 
(Gibco) gentamycin (50 f.Lg/ml), penicillin (50 units/ml), and streptomycin (50 
f.Lg/ml) were added to all cultures. Cells were harvested for subculturing using 
0.25% trypsin (Gibco) in calcium- and magnesium-free (CMF) Hanks medium plus 
EDTA (0.54 mM) and incubated at 37° for 2 to 4 min to release the cells. Cell 
popUlations were determined using a Coulter counter and cell protein content by 
the Lowry procedure. Serum-containing growth medium was then added, and the 
resulting suspension aliquoted into culture flasks or wells at a subculturing ratio of 
1 : 4. Cultures became confluent within 3-4 days, at which time they were used 
for assay of prostacyclin formation as described below. 
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Inactivation of cells by aspirin was carried out by replacing the growth medium 
with basal medium containing a previously prepared solution of aspirin (USP) in 
a final concentration of 200 I-lM. The cells were incubated for 30 min at 37°, 
following which the aspirin-containing medium was removed. Self-inactivation was 
produced by exposing the cells to arachidonic acid (2.5 I-lg/ml) for 10 min. Following 
either inactivation procedure, the cells were washed twice before the test medium 
was added. Cultures were harvested at intervals and tested for recovery of ability 
to synthesize prostacyclin as described below. Test compounds cycloheximide, 
actinomycin D (Boerhinger Mannheim), EGF, or FGF (Collaborative Research Inc., 
Lexington, MA) and apolipoproteins were dissolved in basal medium before addition 
to the medium. a-Tocopherol and serum lipids were dissolved in ethanol, 1-5 I-li 
per culture. and appropriate additions of alcohol were made to control cultures. 
The EGF sample used was a highly purified preparation from mouse submaxillary 
glands showing a single major band on gel electrophoresis. 

2.2. Incubation of Cells with [14C]Arachidonic Acid and 
Product Extraction 

Medium was removed from confluent cultures and the cells were washed twice 
with basal medium (pH 7.4) at 37° using two I-ml portions for 25-cm2 flasks and 
two 0.5ml portions for well cultures. [1-14C]Arachidonic acid (0.75 I-lCi, 4 I-lg/ml) 
was added as follows: I ml per 25-cm2 flask, 0.5 ml per lO-cm2 well, and 0.25 
ml per 2-cm2 well. All cultures were incubated at 37° for 5 min, and the medium 
was collected and added to tubes containing 5 I-lg each of 6-keto-PGF1a , PGF2a , 
PGE2, PGD2 , and 15-HETE as carriers. Samples were acidified to pH 3 with 1 N 
HCI and extracted three times with two volumes of ethyl acetate or once with six 
volumes of chloroform-methanol (2 : 1). Ethyl acetate layers were collected and 
backwashed with one volume of distilled water. Medium samples that contained 
serum were extracted with six volumes of chloroform-methanol, the methanol
aqueous layer was extracted twice more with chloroform, and the organic layers 
were separated and stored at - 20° until analyzed. 

2.3. Thin-Layer Chromatography-Autoradiography Procedures 

Silica gel G TLC plates (Analtech) were used to separate prostaglandins and 
hydroxy fatty acids using solvent system Iw (Bailey et ai., 1983), which consisted 
of the organic layer of a mixture of ethyl acetate : isooctane : water and acetic acid 
in the proportions II : 5 : 10 : 2. After sample application, plates were equilibrated 
in water vapor for 30 min before development. A separate lane of TLC standards 
was included with each plate, and the compounds in this lane only were visualized 
by spraying with 10% phosphomolybdic acid in methanol followed by heating at 
110°C for 5 min. Radiocative compounds were analyzed by three different pro
cedures. The plates were first scanned using a Vanguard radioactivity scanner 
(Model 930 Autoscanner, scanner gas 1.3% butane in helium) with an efficiency 
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for 14C of approximately 20%. The plates were then wrapped in plastic wrap (Union 
Carbide) and placed on 8/1 x 10/1 sheets of XAR X-OMat X-Ray film (Kodak) in 
the dark for 5-7 days. The exposed film was developed for 5 min in Kodak X-ray 
developer at 25°C and fixed in Kodak Rapid Fix for 3 min. After separation by 
TLC and visualization by autoradiography, the radioactive bands were tentatively 
identified by comparison with the authentic standards and scraped from the plates 
into 4 ml of Aquasol (New England Nuclear) for quantitative determination by 
liquid scintillation counting. All data were converted to d.p.m. using a quench 
curve. 

3. RESULTS AND DISCUSSION 

The measured doubling time for the rat aorta smooth muscle cells in the 10% 
serum growth medium used was 23.7 ± 1.6 hr, and cells usually became confluent 
at about 4 days. Confluent cultures superfused with [14C]arachidonic acid synthe
sized primarily prostacyclin (identified as its stable breakdown product 6-keto
PGF1a) as the major component together with lesser quantities of prostaglandins 
E2, F2a, and D2 (Fig. 1). Prostacyclin production averaged approximately 90 na
nomol/mg of cell protein and was confirmed by bioassay of the supernatant medium 
at varying times following addition of arachidonic acid to the cultures and by GC/MS 
of appropriate derivatives as described previously (Bailey et al., 1983). 

Release of prostacyclin was directly related to the concentration of arachidonic 
acid with which the cultures were superfused in the range from 3 J-LM to 25 J-LM. 
The release of prostacyclin was extremely rapid, occurring in a pulse lasting ap
proximately 1 to 2 min following exposure to arachidonic acid. That the reaction 
was not substrate limited can be readily ascertained from the profile shown in Fig. 
1, which indicates that the reaction typically became self-limiting when 50-75% 
of the arachidonic acid substrate still remained in the medium. 

Following treatment with aspirin (0.2 mM) for 30 min, the ability to synthesize 
prostacyclin and other prostaglandins was completely destroyed (Fig. 1). When the 
aspirin-containing medium was removed and replaced with fresh medium, the pros
tacyclin-synthesizing ability of the cells recovered rapidly, reaching a level within 
2 hr that was approximately equal to that of the cells immediately before aspirin 
treatment (Fig. 2, Control). In cultures that were followed for longer periods, 
prostacyclin synthesis then declined to about 50% of control levels at 24 hr. Re
covery of the minor products PGE2, PGD2, and PGF2a paralleled that of prosta
cyclin, confirming that the cyclooxygenase (rather than the prostacyclin endoper
oxide isomerase) was the aspirin-labile component being measured. 

In order to determine the mechanism underlying this recovery, aspirin-inac
tivated cultures were incubated with fresh medium in the presence and absence of 
cycloheximide (20 J-Lg/ml) or actinomycin D (2 J-Lg/ml) as inhibitors of protein and 
RNA snythesis, respectively. Cycloheximide completely blocked the recovery, whereas 
actinomycin D did not prevent restoration of full activity (Fig. 2). 
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FIGURE 1. Prostacyclin synthesis in cultured rat aorta smooth muscle cells before and after 
aspirin treatment. Confluent cultures of rat aorta smooth muscle cells were incubated with basal 
growth medium containing aspirin [1-'4Cjarachidonic acid (0.75 fLCi, 4 fLg/ml) at 37" from 5 min. 
The products were extracted from the medium and analyzed by TLC as described in Sections 
2.2 and 2.3. The developed TLC plates were scanned in a Vanguard scanner at an attenuation 
of 10K. Upper curve: control cells. Lower curve: cells pretreated with 200 fLM aspirin for 30 min. 

In parallel experiments, cultures were exposed to graded concentrations of 
arachidonic acid in the range of 1 to 15 f.Lg/ml for 15 min. Essentially complete 
inactivation of PGlz synthesis to a second challenge of [14C]arachidonic acid was 
induced by prior exposure to all concentrations of AA in excess of 2.5 flg/ml. 
Following removal of the inactivating dose of arachidonic acid and addition of fresh 
serum-containing medium, self-inactivated cells recovered full prostacyc1in syn
thesizing capacity within I! hr. 
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FIGURE 2. Recovery of prostacyclin synthesis in aspirin-treated rat aorta smooth muscle cells: 
inhibition by cycloheximide. Confluent cultures were treated with aspirin (200 /JoM) for 30 min 
as described in Section 2. The washed cells were incubated with fresh growth medium for 
varying intervals, and recovery of prostacyclin synthesis was tested. Medium contained 10% 
serum in basal medium alone (control) or supplemented with cycloheximide (20 /Jog/ml) or 
actinomycin 0 (2 /Jog/ml). 

It was found that the recovery of the enzyme following either aspirin treatment 
or self-inactivation was dependent on a factor present in the calf serum component 
of the fresh growth medium. Cells incubated either in basal medium alone ("plain" 
medium) or in serum medium that was removed from confluent cell cultures ("spent" 
medium) did not support recovery, whereas fresh fetal bovine serum (10%) stim
ulated full recovery (Fig. 3). The factor was not related to platelet-derived growth 
factor since equal activities were found in serum prepared from whole blood and 
both platelet-rich and platelet-poor plasma. Following addition of fresh serum
containing medium, synthesis of all prostaglandin classes was increased propor
tionately, indicating that the effects observed were directly on the cyclooxygenase 
enzyme. Serum samples from other species including adult human and guinea pig 
were also tested and gave similar enhancement of prostacyclin synthesis. 

Several experiments were carried out to determine if the cyclooxygenase re
covery factor activity in serum was associated with a low-molecular-weight sub
stance bound to the serum proteins. Activity was recovered substantially in the 
upper layer following filtration of serum through a Diaflo filter with a molecular 
weight cut-off of approximately 30,000. In addition, serum samples were delipidized 
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by treatment with ethanol at - 70°. Both the lipid-extractable and the reconstituted 
delipidized serum protein fractions were tested for recovery activity on aspirin
inactivated cells. Although this treatment resulted in about 50% inactivation of the 
recovery factor, the residual activity was found to be associated with the protein 
and not the lipid fractions. In further experiments, serum was separated by ultra
centrifugation into the VLDL + LDL and HDL subfractions, and each was tested 
individually. Essentially no activity was found in any of the lipoproteins, and the 
activity that was recovered remained in the lipoprotein-free supernatant. 

A number of serum constituents were tested for their ability to replace the 
activity of 10% whole serum, including a-tocopherol (I to 10 j.Lg/ml), insulin (10 
j.Lg/ml), estrogen (l j.Lg/ml), HDL (50 j.Lg/mi) , platelet-derived growth factor, fi
broblast growth factor (FGF) (2 j.Lg/ml), and endothelial cell growth factor (150 
j.Lg/ml). None gave significant stimulation of recovery over the basal serum-free 
medium alone. However, addition of purified epidermal growth factor (EGF) at 
concentrations of 10 and 20 ng/ml to serum-free medium progressively restored 
prostacyclin synthesis after aspirin inactivation (Fig. 4). 

w 4000 -
cr: 
~ 
I-
--.J 
~ 
U 

" E 3000 -
0.. 

:s 
0 
w 
~ 
(fJ 
w 2000 I 

-
I-
Z 
>-
(fJ 

~ -u. 
<.9 1000 Cl. 

-

0 
I-
W 
~ 

cD 

.. :-r-
~ 

NO 
TREATMENT 

I 
o HOUR 
ASPIRIN 

I 

-,-

-~ 

FETAL 
BOVINE 
SERUM 

I 
PLAIN 
MEDIA 

I I 
SPENT 
MEDIA 

FIGURE 3. Recovery of prostacyclin synthesis after aspirin treatment: requirement for a serum 
factor. Monolayers of rat aorta smooth muscle cells were treated with aspirin for 30 min. The 
aspirin-containing medium was removed and replaced with the additions as indicated. Medium 
was basal medium alone (plain media) or supplemented with 10% fetal bovine serum or spent 
media. Spent medium consisted of 10% fetal bovine serum in basal medium that was removed 
from confluent cultures following 4 days of growth. Recovery of prostacyclin synthesis was 
measured after 3 hr as described in Section 2 using [1-14Cjarachidonic acid as substrate. 
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FIGURE 4. Restoration of prostacyclin synthase in aspirin-inactivated vascular smooth muscle 
cells: requirement for epidermal growth factor. Confluent cultures of rat aorta smooth muscle 
cells were inactivated by incubation with aspirin (200 fIoM) for 30 min. Following aspirin removal, 
recovery of prostacyclin synthesis was measured after 3 hr of incubation in the indicated media 
as described in Section 2. 

As noted above, the stimulating factor is rapidly removed from serum by 
growing cells, and "spent" medium does not support recovery. Addition of small 
amounts of EGF (20 ng/ml) to spent medium fully restored the activity to a level 
equal to that of fresh serum medium (Fig. 4). 

Similar observations were made for restoration of prostacyclin synthase activity 
in cells that had been self-inactivated following a single prior exposure to arachidonic 
acid. Addition of EGF in the range of 0.1 to 10 ng/ml to serum-free medium 
progressively restored prostacyclin synthesis in these refractory cells (Fig. 5). 

Since the measured doubling time of the vascular smooth muscle cells used 
in these experiments is 24-30 hr, the rapid recovery of cyclooxygenase in self
inactivated or aspirin-treated cells within 2 hr following addition of EGF represents 
a relatively selective activation of sYI)thesis of the cyclooxygenase protein compared 
to that of the average cell protein. Since recovery is blocked by cycloheximide but 
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FIGURE 5. The EGF-dependent restoration of prostacyclin synthase activity in refractory (AA
inactivated) vascular smooth muscle cells. Confluent cultures were inactivated by exposure to 
arachidonic acid (2.5 f,l-g/ml) in serum-free medium for 30 min as described in Section 2. Recovery 
of prostacyclin synthesis was measured after 1 ~ hr of incubation in serum-free medium containing 
the indicated additions of purified epidermal growth factor. 

not by actinomycin D, it may be concluded that in rat vascular smooth muscle 
cells, EGF probably stimulates recovery of refractory cells by enhancing the trans
lation rate of preexisting messenger RNA for the cyclooxygenase. 

4. SUMMARY 

Cyclooxygenase is a widely distributed enzyme that is regulated in part by a 
self-catalyzed inactivation reaction. Aspirin produces an analogous refractory state 
by irreversibly acetylating the enzyme. The mechanisms of recovery of prostacyclin 
synthesis were studied in cultured rat aorta smooth muscle cells rendered refractory 
to prostacyclin synthesis by self-inactivation or by prior aspirin exposure. 

Confluent cultures, when superfused with [14C]arachidonic acid, synthesized 
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prostacyclin (PGI2) together with prostaglandins E2 , D2 , and F2o.' Brief treatment 
with physiological levels of aspirin (0.2 mM) or arachidonic acid (2.5 jJ.g/ml) 
completely inactivated prostacyclin synthesis. Following removal of inhibitor and 
addition of fresh growth medium, PGI2 synthesis recoverd rapidly with a tl/2 of 
only 30-40 min compared to a doubling time of 24-30 hr for the cells. Recovery 
of PGE2 , PGD2 , and PGF2o. synthesis paralleled that of PGI2 , confirming that 
cyclooxygenase rather than endoperoxide-prostacyclin isomerase was the labile 
component. Recovery of PGh synthesis after aspirin was blocked by cycloheximide 
but not by actinomycin D. 

Recovery of inactivated cells required a nondialyzable serum component. The 
activity was completely removed from the medium by growing cells. It was re
covered in protein following deli pi dation of serum and also in the infranatant after 
removal of lipoproteins by ultracentrifugation. Activity was not duplicated by a

tocopherol, estradiol, or insulin or by platelet (PDGF), fibroblast (FGF) , or en
dothelial cell (ECGF) growth factors. However, nanogram quantities of purified 
mouse epidermal growth factor (EGF) in the range 0.1 to 20 ng/m1 progressively 
replaced the biological activity of serum or restored the activity of "spent" serum 
medium. 

These studies indicate that synthesis of cyclooxygenase in rat vascular smooth 
muscle cells requires a serum factor that can be replaced by EGF. In refractory 
cells, this induces rapid restoration of the enzyme by a cycloheximide-sensitive 
process not inhibited by actinomycin D. 
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Fuel Metabolism as a 
Determinant of Arachidonic Acid 
Release and Oxygenation 

Studies with Intact Rat Islets 
of Langerhans 

STEWART A. METZ 

1. INTRODUCTION 

A variety of stimuli (such as bradykinin, angiotensin, and vasopressin) are believed 
to interact with cell-surface receptors and evoke a release of arachidonic acid (AA) 
and its oxygenated metabolites in many cells. One link between the two events is 
presumed to be the activation of calcium-dependent phospholipases (or possibly 
calcium-dependent lipoxygenases; Ochi et al., 1983), possibly in some cases via 
mediation by calmodulin. This Ca2 + might arise from extracellular sources (for 
example, the calcium influx induced via cell depolarization), in which case the 
release of the oxygenated products of AA can be blocked by Ca2 + channel blockers 
(Levine, 1983), or from intracellular stores (blockable by TMB-8, which putatively 
inhibits release of Ca2+ from intracellular sources; cf. Rittenhouse-Simmons and 
Deykin, 1978). Alternatively, it has been suggested that receptor occupation can 
directly activate a phospholipase C, leading to degradation of acidic polyphos
phoinositides. Such breakdown could release membrane-bound Ca2+ (Broekman, 
1984), and the concomitant release of inositol phosphates could promote release of 
Ca2 + from intracellular stores (Streb et al., 1983). Such accumulation of Ca2 + 

could then potentiate AA release. Whatever the sequence of events leading to 
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arachidonate release in a given cell, the initiating event has usually been considered 
to take place at the cell surface. In contrast, a possible role for fuel metabolism 
and related intracellular events in AA release and/or metabolism has received almost 
no attention. To examine the possibility of such a role, we studied the effect of 
one fuel (glucose) on the release of the lipoxygenase product 12-hydroxy
eicosatetraenoic acid (12-HETE) from a glucose-sensitive organ, intact rat islets of 
Langerhans. 

2. LlPOXYGENASE-MEDIATED METABOLISM OF AA AND 
INSULIN RELEASE 

We chose to study pancreatic islets since our previously reported data (Metz 
et al., 1982, 1983a,b, 1984a,b) suggested a critical role for phospholipase activation 
coupled to a 12-lipoxygenase in stimulus-secretion coupling and insulin release, 
especially that induced by glucose. We found that in addition to synthesizing several 
cyclooxygenase products, intact adult rat islets and overnight-cultured, dispersed 
cells of the neonatal rat pancreas synthesize 12-HETE (identifed by multiple high
performance liquid chromatographic systems and confirmed by gas chromatography/ 
mass spectrometry). Several other degradation products of 12-hydroperoxyeicosa
tetraenoic acid (12-HPETE) were also tentatively identified, namely, 1l,12-epoxy-
8- or -IO-hydroxyeicosatrienoic acids and trihydroxyeicosatrienoic acids (Metz et 
al., 1983b). Inhibition of lipoxygenase by any of four structurally dissimilar enzyme 
blockers (nordihydroguaiaretic acid, BW755c, 15-HETE, ETYA) markedly impeded 
or abrogated glucose-induced insulin release (Metz et al., 1982, 1983a,b, 1984a,b). 
These findings were supported by the studies of Turk and colleagues (1983), 
Yamamoto et al. (1983), Laychock (1983a), and Evans et al. (1983), who dem
onstrated, in addition, inhibition of glucose-induced insulin release by several phos
pholipase inhibitors and by two other lipoxygenase blockers. Our studies (employing 
direct application of lipoxygenase- and monooxygenase-derived metabolites of AA 
and use of pharmacological agents perturbing AA metabolism at several steps distal 
to lipoxygenase action) implicated the labile hydroperoxide 12-HPETE and possibly 
epoxides of AA as possible mediators of AA's stimulatory effect on insulin release 
(Metz et al., 1983b, 1984a,b). A unitary hypothesis was consequently developed 
(Metz, 1984c) relating the phasic release of AA and/or its metabolites in response 
to a constant stimulation in many cell types including the islet (Evans et al., 1983) 
to the biphasic pattern of insulin release induced by glucose. 

3. EFFECT OF GLUCOSE ON THE SYNTHESIS OF 
L1POXYGENASE-DERIVED METABOLITES OF 
ARACHIDONIC ACID 

This hypothesis would be greatly strengthened if glucose were indeed found 
to stimulate the accumulation of a presumptive mediator of its effect on insulin 
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release. Therefore, production of 12-HPETE (as assessed by its stable reduction 
product, 12-HETE) was monitored using intact rat islets. Other positional isomers 
of HETE and classical leukotrienes derived by the 5-lipoxygenase pathway were 
not found to be synthesized by the islets of Sprague-Dawley rats; therefore, we 
assume that the measurements of 12-HETE are a good reflection of net islet lipox
ygenase activity. Indeed, in preliminary studies, inhibition of 12-HETE formation 
by BW755c and nordihydroguaiaretic acid was found to correlate very well (r = 0.98) 
with the blockade by these agents of glucose-induced insulin release (Metz et ai., 
1984a). 

These studies were designed not only' to prove insights into the control of AA 
metabolism by the pancreatic islet but also to shed light on an unresolved controversy 
(summarized by Hedeskov, 1980, and Ashcroft, 1981) in islet physiology. Pro
ponents of the "regulator-site" hypothesis propose that glucose promotes insulin 
release by interacting with a stereospecific and anomerically preferential "glucose 
receptor" on the ~-cell membrane; other investigators, espousing the "substrate
site" hypothesis, attribute glucose's action as secretagogue to its stimulation of fuel 
flux (chiefly along the glycolytic pathway) in the ~ cell. Studies of AA metabolism 
could provide new insights into this controversy. 

Intact islets were studied not only to preserve normal paracrine intercellular 
relationships but also to leave undisturbed a normal deacylation-reacylation process 
for AA and to preserve its normal coupling to the lipoxygenase. Towards this end, 
the lipids of intact islets were prelabded for 90 min with tritiated arachidonic acid, 
washed, and then exposed to various concentrations of hexoses or drugs during 
static 30-min incubations (Fig. 1). Paired comparisons were only performed between 
equal numbers of size-matched islets studied on the same day from the same pool 
of islets in order to eliminate variations between different pools of islets. Medium 
samples were extracted on ODS minicolumns after addition of UV -detectable amounts 
of 12-HETE and 15-HETE to serve as internal standards and were chromatographed 
on a 5-f..Lm reverse-phase ODS column as described elsewhere (Metz et ai., 1983b, 
Metz, 1984a; Metz, 1985). The very small amount of intact cellular material studied 
per tube (70-100 islets/tube equals about 700-900 f..Lg wet weight of tissue) pre
vented determination of 12-HETE formation from endogenous AA but offered the 
advantage of precise calculation of recoveries and monitoring of peak elution through 
the use of HETE internal standards. 

The major findings are reported elsewhere (Metz, 1984a,b; Metz, 1985) and 
are reviewed here to provide a framework with which to discuss the fuel hypothesis. 
o-Glucose (16. 7mM) stimulated enzymatic 12-HPETE synthesis by a mean of 271 % 
compared to 0-1. 7mM glucose. The increment induced by glucose was abolished 
by the lipoxygenase inhibitors nordihydroguaiaretic acid and phenidone and by the 
phospholipase inhibitor bromphenacyl bromide. In preliminary studies, o-glucose 
also seemed to augment both the incorporation and release of AA, suggesting a 
mechanism of action (at least in part) at the level of phospholipase(s) and/or the 
reacylation steps. Indeed, a glucose-sensitive phospholipase A2 has been identified 
in the pancreatic islet by Laychock (1982). Appropriate controls excluded the 
possibility that the effect of o-glucose was a "nonspecific" effect of osmolarity, 
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FIGURE 1. Protocol used to study metabolism of arachidonic acid eH-AA) by intact Spra
gue-Dawley rat islets. KRB, Krebs-Ringer bicarbonate buffer; g, glucose concentration. Al
though depicted as being labeled in a single tube, islets were aliquoted into their individual tubes 
prior to labelling with 3H-AA. 

hexose transport, or phosphorylation alone, generation of reduced glutathione, scav
enging of hydroxyl radicals (Sagone et at., 1983), or alterations of 12-HETE 
reuptake into cellular lipids. The effect was stereospecific (L-glucose being inef
fective) and apparently was absolutely dependent on the metabolism of glucose, 
since the glucose effect was largely abrogated by mannoheptulose (which inhibits 
the rate-limiting step converting glucose to glucose-6-phosphate). Furthermore, 
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either dihydroxyacetone or glyceraldehyde (trioses generated by the glycolytic me
tabolism of glucose) could substitute effectively for glucose, and the a anomer of 
D-glucose (which is a preferential substrate for glycolytic metabolism) was more 
potent than I3-D-glucose. 

The release of AA and 12-HETE might conceivably be consequent to membrane 
disruption induced by the emiocytotic release of insulin-containing granules rather 
than initiating such release. However, mannose (in concentrations nearly equipotent 
to 16.7 mM glucose in inducing insulin secretion) had no effect. Conversely. 
increasing glucose from 0 to 1.7 mM caused a small but detectable (and manno
heptulose-inhibitable) increase in l2-HETE release, although no insulin release 
occurred at such a low glucose concentration. Finally, 2-deoxyglucose (which 
primarily inhibits the glycolytic metabolism of glucose distal to the formation of 
glucose-6-phosphate and usually thereby inhibits glucose-induced insulin release; 
Zawalich, 1979) failed to alter glucose-induced release of 12-HETE. We interpret 
these data dissociating 12-HETE accumulation from the release of insulin to indicate 
that activation of the phospholipase-lipoxygenase cascade is a primary action of 
glucose (and not secondary to hormone release). Furthermore, detectable increases 
in 12-HPETE synthesis may not be entirely sufficient (nor even required) to mediate 
insulin release. However, the latter formulation does not exclude a critical, per
missive role for "basal" AA and l2-HPETE release in insulin secretion; such activity 
could reflect the ability of the islet to utilize endogenous fuels in the face of 
extracellulary glycopenia (Malaisse et al., 1983). It also does not negate an amplifier 
role for additional release of 12-HPETE above a threshold level. Along this line 
of reasoning, very low concentrations of glucose are sufficient to promote several 
other activities in the islet (glucose utilization and the concomitant changes in 
adenylate charge, lactate production, and cation flux), although at a rate below the 
thresholds needed to initiate insulin release (Zawalich, 1979; Malaisse, 1979b). In 
fact, our most recent data (S. Metz, unpublished data) have suggested that lipox
ygenase-mediated metabolites of AA serve primarily a potentiator role in the islet, 
whereas, in contrast, lysophospholipids generated by the action of phospholipase 
A2 may actually be able to initiate insulin secretion. 

The failure of 2-deoxyglucose to impair glucose-induced 12-HETE accumu
lation suggests that glucose-6-phosphate (accumulating prior to the deoxyglucose
induced block in its usage) can be metabolized by a pathway other than glycolysis 
to stimulate AA release (Fig. 2). We speculate that this may be the hexose mono
phosphate shunt. Assuming that the necessary nonoxidative enzymes of the hexose 
monophosphate shunt (such as transketolase and transaldolase) are present in the 
islet, this pathway could yield the triose phosphate glyceraldehyde-3-phosphate 
(Brolin and Berne, 1967) (and possibly fructose-6-phosphate), thus, in essence, 
bypassing the glycolytic block between glucose-6-phosphate and fructose-6-phos
ph ate (Fig. 2) and circumventing the consequent reduction in the generation of 
triose phosphates that would otherwise be induced by 2-deoxyglucose. The pivotal 
role for glucose-6-phosphate might also be supported by the failure of mannose to 
stimulate the generation of 12-HPETE, since this hexose yields little or no glucose-
6-phosphate (Ashcroft et al., 1970). 
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FIGURE 2. Schematization based on current or previously published data depicting the effect 
of o-glucose on the mobilization of arachidonic acid and its consequent conversion to 12-HPETE 
(and possibly other labile mediators of insulin release) in rat islets of Langerhans. Mannohep
tulose inhibits at site 1, thereby impeding all synthesis of glucose-6-phosphate (G-6-P) from 
glucose. 2-Deoxyglucose inhibits at site 2, thereby inhibiting conversion of G-6-P to fructose-
6-P and subsequently to the triose phosphates but not inhibiting the metabolism of G-6-P by 
other pathways such as the hexose monophosphate shunt (HMPS). PEP, phosphoenolpyruvate; 
PYR, pyruvate; R-5-P, ribulose-5-phosphate. Solid lines indicate established or likely pathways. 
Dashed lines indicate less well established, or secondary, pathways in the islet. The "?" at the 
cell surface is meant to indicate that it is conceivable that, in addition to the demonstrated role 
of glucose metabolism, a "glucoreceptor" mechanism could contribute to the stimulation of 12-
HPETE synthesis by glucose. 

Alternatively, one could interpret the failure of glucose's epimer mannose to 
support 12-HPETE synthesis as compatible with a very strict structural requirement 
for hexose-induced stimulation of lipoxygenase pathway products, i.e., a gluco
receptor mechanism. Indeed, we found that the a anomer of D-glucose was more 
potent at submaximal concentrations in inducing 12-HETE synthesis than I3-D
glucose (Metz, 1984b); a-anomeric preference with regard to glucose-induced in
sulin release has been cited as support for a structurally specific membrane glucose 
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receptor. However, ex-D-glucose also preferentially promotes glycolytic flux and 
cAMP and Ca2+ accumulation; therefore, more recently the anomeric preference 
on insulin release has been used to support the fuel hypothesis (Malaisse et al., 
1976; Meglasson and Matschinsky, 1983) of insulin release. Thus, although we 
cannot absolutely exclude the possibility that glucose metabolism must work in 
concert with a membrane "glucoreceptor" to maximally promote AA release and 
oxygenation (Fig. 2), the data using mannoheptulose and the trioses clearly support 
the primacy of glucose's intracellular metabolism. 

4. THE MECHANISM OF THE STIMULATION OF AA 
METABOLISM BY GLUCOSE 

Glucose, by its metabolism is known to promote the accumulation of Ca2 + in 
critical pools in the 13 cell. Such actions on the availability of calcium are critical 
to the ability of glucose to trigger insulin release and probably are also critical to 
the release of arachidonic acid (Laychock, 1982). It has been speculated that the 
source of some of this calcium is the release of organelle-bound, intracellular Ca2 + 

by phosphoenolpyruvate (Sugden and Ashcroft, 1978), which is generated by the 
further glycolytic metabolism of the trioses (Fig. 2). Alternatively, calcium fluxes 
have been correlated (Malaisse et al., 1979a,b) with the accumulation of NADPH, 
a by-product primarily of the hexose monophosphate shunt (Fig. 2). These two 
alternative putative sources of Ca2 + mobilization could explain the failure of the 
2-deoxyglucose-induced block in the glycolytic metabolism of glucose-6-phosphate 
to reduce 12-HETE synthesis, since an alternate pathway would still be largely 
available for the further metabolism of glucose-6-phosphate (Fig. 2). (It is interesting 
to note that organic hydroperoxides themselves could also mobilize Ca2 + from 
intracellular organelles by altering the redox state of the NADPH and glutathione; 
Bellomo et al., 1982). 

Glucose also promotes the influx of extracellular Ca2 +. It is tempting to tie 
such Ca2 + fluxes to the breakdown of acidic phospholipids, which have a high 
affinity for Ca2 + prior to hydrolysis. Thus, metabolizable carbohydrates (although 
not amino acids) stimulated islet phosphatidylinositol hydrolysis in one study (Clem
ents et al., 1981). More recently, it has been reported that glucose promoted the 
labeling (Best and Malaisse, 1983) and degradation (Laychock, 1983b) of poly
phosphoinositides. These effects were both blocked by mannoheptulose and there
fore required glucose metabolism. Furthermore, the former effect on polyphos
phoinositides was reproduced by other islet fuels and was inhibited by menadione, 
an oxidant of NADPH (Best and Malaisse, 1983). Such effects of a fuel (glucose) 
could mimic the effect of receptor stimulation in other cells in promoting the gating 
of Ca2 + via the breakdown of acidic phospholipids and the release of inositol 
phosphates (Broekman, 1984). Alternatively, the depolarization of the 13 cell in
duced by the metabolism of glucose could be central to the release of arachidonic 
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acid, as it is in other cells (Lazarewicz et al., 1983), by promoting Ca2 + influx 
through calcium channels. 

Another effect of glucose metabolism is to yield A TP (Fig. 2). ATP synthesis, 
like arachidonic acid release, may be a necessary but not sufficient condition to 
permit insulin secretion (Hedeskov, 1980; Ashcroft, 1981; Malaisse et al., 1979b). 
Provision of micromolar amounts of ATP (at least extracellularly) can increase 
arachidonic acid release (Schwartzman and Raz, 1982) and its oxygenation (Ochi 
et al., 1983). Pong and Levine have provided data suggesting that phospholipase 
activation in BALB/3T3 cells requires intact oxidative phosphorylation and energy 
flux (Pong and Levine, 1977). The potential contributions of the metabolism of 
glucose as substrate in the synthesis of sn-glycerol-3-phosphate, inositol, phospha
tidic acid, and perhaps other species that may play critical roles in islet phospholipid 
economy also merit investigation with regard to the release of AA. Fuels other than 
glucose also merit study, especially since fats such as octanoate augment islet 
accumulation of glucose-6-phosphate (Montague and Taylor, 1969) and amino acids 
augment accumulation of Ca2 + and NADPH in the islet (Hutton et al., 1980). By 
these actions, other fuels could mimic glucose with respect to the potentiation of 
AA release. We have, in fact, recently observed that a-ketoisocaproic acid (a 
metabolite of the amino acid leucine) augments accumulation of 12-HPETE in intact 
islets (S. Metz, unpublished data), and that insulin release induced by this fuel is 
blocked by lipoxygenase inhibitors. 

It should be emphasized that not all AA release from the islet is energy
dependent. Recently we have observed (S. Metz, unpublished data) that there is a 
"basal" release of AA (which may correspond to basal insulin secretion); this release 
(unlike that induced by glucose) is refractory to mannoheptulose, antimycin A (an 
inhibitor of electron transport and A TP formation) or blockade of Ca2 + availability 
using cobalt. Thus, the nutrient-stimulated islet may generate energy, which permits 
Ca2 + mobilization and consequent activation of typical phospholipases. The basal 
(or fuel-deprived) islet may depend on a second, Ca2 + - and energy-independent 
"pool" of arachidonate. Candidate enzyme systems activating such a pool might be 
ATP-independent transacylation mechanisms such as the "acyl CoA transferase in 
reverse" described by Trotter et al. (1982) coupled to an acyl CoA hydrolase, or 
a phospholipase Al or transacylase coupled with lysophospholipase activity (Abe 
et al., 1974). Other atypicallipases (triglyceride lipase or a lysosomal phospholipase 
A2) could also be candidates worthy of investigation. 

5. RELEVANCE OF FUEL METABOLISM TO ARACHIDONIC 
ACID PHYSIOLOGY IN NONENDOCRINE CELLS 

The available literature, though sparse, does suggest that fuel metabolism may 
indeed be an important determinant of arachidonic acid release and/or oxygenation 
in several nonendocrine cell types (see, for example, Pong and Levine, 1977). In 
sensitized human lung fragments (Kaliner and Austen, 1973), rabbit polymorpho
nuclear leukocytes (Walker and Parish, 1981), and horse eosinophils (Ziltener et 
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al., 1983), the release of lipoxygenase products can be reduced by the metabolic 
inhibitors 2-deoxyglucose or iodoacetate. In the latter study, glucose increased L TB4 
(but decreased LTC4) production. In the pig thyroid, provision of phosphoenol
pyruvate and pyruvate kinase promotes arachidonic acid release (Haye et al., 1984), 
presumably via the generation of ATP. In platelets, 12-HETE synthesis from ex
ogenous arachidonate is augmented by glucose, an action attributed to its ability 
to scavenge hydroxyl radicals (Sagone et al., 1983), whereas metabolic inhibitors 
(2-deoxyglucose plus antimycin A) reduce arachidonate release from thrombin
stimulated platelets. apparently by reducing ATP availability (Rittenhouse-Simmons 
and Deykin, 1977). The weak antioxidant effect of glucose (Sagone et al., 1983) 
could potentiate a primary effect of glucose to augment 12-HPETE release under 
some circumstances by preventing the suicide inactivation of lipoxygenase by hy
droxyl radicals. (Indeed, in our studies, mannitol had no effect in the presence of 
low glucose concentrations but tended to augment the l2-HETE response to high 
glucose concentrations.) However, high levels of glucose apparently can directly 
inhibit Jipoxygenase (Morrison et al., 1982). 

Conversely, severe intracellular glycopenia (like ischemia) can, under some 
circumstances, paradoxically promote release of AA (Agardh et al., 1980; Tan
nenbaum et al., 1979). This may represent a specific effect of impeding the supply 
of energy and especially A TP needed for reesterification of AA, or it may represent 
a nonspecific noxiolls stimulus to AA release. Thus, the effects of fuel metabolism 
on AA release are complex and may vary from cell to cell. Nonetheless, intracellular 
events, especially those initiated by fuel fluxes, appear to merit further investigation 
as determinants of AA release and metabolism. 
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Regulation of Differentiation 
of Canine Kidney (MOCK) Cells 
by Prostaglandins 
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1. INTRODUCTION 

17 

Very little is known about the complex process of cellular differentiation. Clearly, 
the appearance of differentiated characteristics must be sequentially organized dur
ing normal development. It is likely that such processes involve a complex interplay 
of factors that regulate gene activity as well as biochemical signals that regulate 
the functions of newly expressed gene products. 

Carcinogenesis, which is characterized by dedifferentiation, would seem to 
represent the opposite of differentiation. It is likely that many of the same signals 
that regulate differentiation during normal development play some role in regulating 
the transformed state. Better understanding of such regulation would contribute to 
our knowledge of normal as well as abnormal cellular differentiation. 

Prostaglandins have currently received a great deal of attention for their role 
in cellular processes. Evidence is accumulating for an important regulatory role of 
prostaglandins and leukotrienes in cellular proliferation, differentiation, and car
cinogenesis, the topic of a 1981 symposium (Ramwell, 1982). There is evidence 
that prostaglandin-synthetase-dependent coo xi dation plays a role in tumor initiation 
and promotion (Marnett, 1981; Fischer and Siaga, 1982). Additionally, thrombox
anes and prostacyclin have been shown to directly modulate tumor growth (Honn 
and Meyer, 1981). A variety of growth factors, including epidermal, platelet
derived, and tumor growth factors, increase endogenous prostaglandin production 
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in a number of cells (Levine, 1982). In fact, prostaglandins of the F series act as 
potent growth factors for primary neonatal rat hepatocytes (Armato and Andreis, 
1983). The role of prostaglandins in differentiation is less clear (Honn et ai., 1981). 
Prostaglandins both stimulate and inhibit differentiation depending on the cell ex
amined. In the hematopoietic cell system, prostaglandins are certainly physiolog
ically important regulators of stem cell proliferation and differentiation (Honn et 
ai., 1981). 

This chapter discusses current findings for a stimulatory role of prostaglandins 
in the regulation of expression of a differentiated function, in this case, glucagon 
receptors in a transformed line of kidney cells. 

1 .1. Model Systems of Cellular Differentiation 

Epithelial cells are the most abundant type of cell in the body, but very little 
is known about the development and maintainence of differentiated functions by 
such cells. It is likely that cell--cell contact as well as biochemical factors including 
local developmental hormones are involved in these processes. 

A number of good epithelial cell model systems of differentiation exist and 
have recently been reviewed (Lin and Beckner, 1983). Additionally, hematopoietic 
stem cell systems provide good model systems for complex biochemical differen
tiation, as a number of specific growth and differentiation factors have been iden
tified. 

Even when a single differentiated function is studied, the cellular environment 
must be controlled. Cells in culture offer a number of advantages over in vivo 
studies, where numerous factors are at work. Although a primary culture represents 
a more physiological system to examine differentiation, in general, such preparations 
do not survive long enough to be useful for long-term studies. Additionally, primary 
cultures tend to lose their differentiated functions after several days in culture. On 
the other hand, established cell lines provide a continuous supply of homogeneous 
cell populations. Furthermore, it is possible to grow a number of cell lines in totally 
defined media, thus eliminating effects of undefined serum factors. Such a model 
system allows manipulation of the cellular environment, permitting examination of 
one or more cellular differentiated functions. 

1.2. Hormone Responsiveness as a Differentiated Function 

The ability of a cell to respond to hormones represents a highly differentiated 
function. There is ample evidence to indicate that hormone responsiveness develops 
in an orderly fashion during normal development. During fetal development, rat 
hepatocytes become increasingly responsive to glucagon, whereas responsiveness 
to insulin appears much earlier (Blazquez et ai., 1976). The ability of rat cerebral 
cortex to respond to catecholamines and adenosine during neonatal development 
also develops in an orderly fashion (Perkins and Moore, 1973). 

It has also been demonstrated that the ability to respond to one hormone is 
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required for the development of responsiveness to another hormone. In erythroleu
kemic cells, the appearance of l3-adrenergic receptors precedes the induction of 
other functions (Lin and Lin, 1979). The synergistic effects of l3-agonists and 
erythropoietin on the maturation of bone marrow cells (Brown and Adamson, 1977) 
support the significance of the early appearance of l3-adrenergic receptors in ery
throleukemic cells. 

In the granulosa cell model system, treatment with follicle-stimulating hormone 
induces the appearance of receptors for luteinizing hormone. Similarly, insulin 
regulates the appearance of ACTH receptors in 3T3-Ll cells (Rubin et al., 1977) 
and vasopressin receptors in LLC-PK kidney cells (Roy et al., 1980). The ap
pearance of l3-adrenergic receptors in rat lung is modulated by T 4 (Whitsett et al., 
1980). Such studies suggest that responsiveness to these hormones appears se
quentially during development. The appearance of responsiveness to a particular 
hormone also seems to be dependent on the cell type. Whereas receptors for 13-
adrenergic agonists are well developed in rat liver during the fetal stage, these same 
receptors in the cerebral cortex are not fully expressed until well after birth (Perkins 
and Moore, 1973). 

Hormone responsiveness can be regulated at the receptor level or beyond, at 
the level of signal transmission. Hormone-responsive systems that are coupled to 
adenylate cyclase have been extensively studied and reviewed (Ross et al., 1983). 
There are data to suggest that adenylate cyclase activity is altered following trans
formation (Anderson and Pastan, 1975; Beckner, 1984) and in various disease states 
(Levine et al., 1980) by changes in one or more of its components. Additionally, 
activity can be altered by changes in the number of hormone receptors. 

Because of the great deal of information available about the adenylate cyclase 
system and the probable role of hormone responsiveness in regulating subsequent 
differentiated functions, a model system in which hormone responsiveness can be 
regulated offers a good system in which to ex~mine various questions concerning 
the biochemical regulation of differentiation. 

1.3. The MDCK Cell Model System 

The MOCK cells were established in 1958 by Madin and Oarby (Gaush et 
al., 1966) from the kidney of a normal cocker spaniel. These cells maintain mi
crovillus projections and tight junctions on the surface, suggesting that they retain 
polarity in culture (Leighton et al., 1969). The MOCK cells also retain a number 
of differentiated functions characteristic of kidney distal tubule in culture including 
fluid and electrolyte transport, a differentiated function regulated by cAMP (Rindler 
et al., 1979). 

The adenyl ate cyclase of MOCK cells is responsive to a number of hormones 
(Rindler et al., 1979), including glucagon, vasopressin, prostaglandin E 1, and 13-
adrenergic agonists. Hormone responsiveness is conveniently monitored by mea
surement of intracellular cAMP generated during acute (3-min) exposure to the 
hormone, as described (Lin et al., 1982a). Responsiveness is expressed as fold 
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activation or cAMP produced in the presence of hormone relative to control, un
stimulated cells. It is also possible to measure hormonal activation of adenyl ate 
cyclase in purified membrane preparations derived from MDCK cells. As can be 
seen in Table I, normal or parental MDCK cells respond to glucagon and vasopressin 
with six- and eightfold increases in intracellular cAMP, respectively. The response 
to isoproterenol and PGE1 is much greater, 15- and 25-fold, respectively. 

A cloned line of MDCK cells transformed with Harvey sarcoma virus (Scolnick 
et ai., 1976) has also been established. Transformed MDCK cells have a more 
fibroblastic morphology, and p21, the ras oncogene product (Shih et ai., 1980), 
has been demonstrated to be associated with the inner plasma membrane of MDCK 
cells (Willingham et ai., 1980). An additional consequence of viral transformation 
is the selective loss of glucagon responsiveness. As seen in Table I, transformed 
MDCK cells, in contrast to the parental line, do not respond to glucagon, although 
cAMP responsiveness to vasopressin, PGE 1 and isoproterenol are still evident. 

It is possible to grow both normal and transformed MDCK cells in a totally 
defined medium (Taub et ai., 1979) consisting of 50% Dulbecco' s minimum es
sential medium, 50% Hams F12 medium, 10 mM HEPES, 5 J.Lg/ml insulin, 5 J.Lg/ml 
transferrin, 50 nM hydrocortisone, 5 pM T3, and 10 nM selenium. Therefore, 
except where indicated, all experiments were performed in defined medium to 
eliminate serum effects. Thus, normal and transformed MDCK cells provide a good 
model system to compare biochemical factors that regulate the expression of a 
differentiated function, i.e., glucagon responsiveness, of an established cell line 
under defined conditions. 

2. REGULATION OF MOCK CELL DIFFERENTIATION 

It is possible to induce transformed MDCK cells to respond to glucagon (Table 
I) by the addition of sodium butyrate (Lin et ai., 1982a), which is known to induce 
differentiation in a number of systems (Leder and Leder, 1975). The induction of 
glucagon sensitivity by butyrate is time and concentration dependent (Lin et ai., 
1982a). Glucagon sensitivity can be induced with 0.5-2 mM sodium butyrate, is 
detectable within 8 hr, and is maximal by 72 hr. The glucagon sensitivity induced 

TABLE I. Hormone Responsiveness of MOCK Cellsa 

Glucagon Vasopressin Isoproterenol PGE, 

Normal 6 8 15 29 
Transformed 1 3 16 37 
Induced 5 4 10 18 

a Normal or transformed MOCK cells were incubated in defined medium with (induced) or without 1 mM butyrate 
for 72 hr. Monolayers were washed. and cAMP generated over a 3 min period measured as described (Lin et al .. 
1982a) in the presence or absence (basal) of saturating concentrations of the indicated hormone. Data are expressed 
as cAMP formed in the presence of hormone divided by that in its absence (basal). Data represent the average of 
values from triplicate dishes. 
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in transfonned MDCK cells by butyrate differs from that of the parental line (Beck
ner et al.. 1985) in that the Kact for glucagon activation of adenylate cyclase is 
tenfold higher than that of the parental line 000 nM vs. 10 nM). Whether this 
represents a receptor defect or an alteration in the adenyl ate cyclase system is not 
known, but the fact that the adenylate cyclase sensitivity to PGE and isoproterenol 
is unchanged after induction suggests that the induced glucagon receptor may be 
less efficient in its interaction with adenylate cyclase. 

That glucagon sensitivity can be induced in transfonned MDCK cells pennits 
manipulation and regulation of the expression of a differentiated function. 

2.1. Induction by Endogenous Prostaglandins 

During the course of studies of butyrate induction of glucagon sensitivity, it 
was noted that occasionally control, or uninduced cells, exhibited glucagon sen
sitivity. This was not a reversion to the parental phenotype, since the cells still 
expressed viral protein. This spontaneous glucagon sensitivity was further char
acterized and found to be dependent on culture conditions. 

2.1.1. Development of Spontaneous Glucagon Sensitivity 

Unlike butyrate induction of glucagon sensitivity, which was maximal after 
72 hr, spontaneous glucagon sensitivity required 7-14 days in culture to develop. 
As can be seen in Table II, activation by glucagon was barely detectable after 7 
days of culture (l.8-fold), but after 14 days, the activation by glucagon was 4.2-
fold compared to the control. This result suggested that glucagon sensitivity appears 
as a function of culture age. Further studies revealed that culture density as well 
as culture age contributes to the appearance of glucagon sensitivity. 

The glucagon sensitivity that appeared spontaneously resembled that induced 
by butyrate in that the K act for adenylate cyclase activation by glucagon was tenfold 
higher (Fig. 1). In other words, the spontaneous appearance of glucagon sensitivity 
was identical to that induced by butyrate, thus providing more physiological con
ditions in which to examine the biochemical events involved in the expression of 
glucagon sensitivity. The increased Kact for glucagon activation of adenylate cyclase 
in the spontaneously sensitive cells also confinns that such honnone responsiveness 
does not reflect a reversion to the nonnal phenotype. 

2.1.2. Prostaglandin Production by MOCK Cells 

In addition to responding to a variety of honnones, the kidney itself is an 
endocrine organ and secretes renin and prostaglandins (Katz and Lindheimer, 1977). 
Like the kidney, MDCK cells have been shown to produce prostaglandins (Hassid, 
1981). We had previously demonstrated that transfonned MDCK cells produce only 
1-2% of the amount of PGEz and PGF2a as the parental line under identical culture 
conditions (Lin et at .. 1982b) because of decreased activity of phospholipase and 
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TABLE II. Time Course Development of Spontaneous 
Glucagon Sensitivity' 

Cell density 
Day of culture ( x 106/dish) Glucagon sensitivity 

3 0.34 1.2 
5 0.99 1.8 
7 1.2 2.2 

10 2.09 4.0 
14 2.64 4.2 

, Transformed MOCK cells were cultured in defined medium. At the indicated day 
of culture, cell number was determined, and glucagon responsiveness determined as 
in Table I. 

PGE2 synthetase. This suggested that endogenous prostaglandin production might 
be involved in the expression of glucagon sensitivity by MOCK cells. In three 
separate experiments (Table III), spontaneous glucagon sensitivity of transformed 
cells (up to fivefold activation) increased as the passage number of the cells increased 
(Table III). The correlation between glucagon sensitivity and the production of 
PGE2 , but not PGF2co was evident. The production of PGE2 varied from 0.3 to 
19.8 pmolldish per 3 days, and in every case, as the production ofPGE2 increased, 
so did the glucagon sensitivity. 

2.1 .3. Regulation of Endogenous Prostaglandin Production 

Numerous attempts were made to regulate endogenous prostaglandin produc
tion in order to correlate this with enhanced glucagon sensitivity. Although indo
methacin, known to inhibit endogenous prostaglandin production, did decrease the 
production of PGE2 in transformed MOCK cells, it did not consistently inhibit the 
appearance of glucagon sensitivity. Similarly, bradykinin was shown to enhance 
the production of PGE2 but did not induce glucagon sensitivity. For example, 
bradykinin caused only a twofold increase in endogenous PGE2 production of 
transformed MOCK cells, which is still well below the amount of PGE2 produced 
by parental MOCK cells, under comparable culture conditions. Similarly, there was 
no induction of glucagon sensitivity by phorbol esters, which are also known to 
enhance endogenous prostaglandin production in MOCK cells (Ohuchi and Levine, 
1978). 

Since the spontaneous appearance of glucagon sensitivity requires 7-14 days, 
it was necessary to include these regulators of endogenous prostaglandin production 
for this long period of time. Such experimental conditions as well as the toxicity 
and lability of these compounds make clear interpretation much more difficult than 
would be the case in a more acute experiment. Therefore, whether endogenous 
prostaglandin production is directly responsible for the appearance of glucagon 
sensitivity in transformed MOCK cells remains to be established. 
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2.2. Regulation of Induction by Exogenous Prostaglandins 

Attempts to elevate prostaglandin levels in a more physiological manner were 
also unsuccessful. Normal rat kidney (NRK) cells produce levels of PGE2 and 
PGF2a comparable to normal MDCK cells, although these cells do not have glucagon 
receptors. It is therefore possible to coculture NRK cells with transformed MDCK 
cells to determine if exposure to prostaglandins endogenously produced by NRK 
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FIGURE 1. Dose-response curve to glucagon by normal, spontaneously glucagon sensitive 
transformed, and butyrate induced transformed MOCK cells. Normal cells were cultured in 
defined medium for 3 days. Transformed MOCK cells were cultured in defined medium for 14 
days (spontaneous) or defined medium with 2 mM butyrate for 3 days (induced). The stimulation 
of cAMP production by the indicated concentration of glucagon was determined as described 
in Table I. 
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TABLE III. Correlation of Glucagon Sensitivity with Endogenous 
Prostaglandin ProductionB 

Expt. Pass. PGE2 PGF2a 

no. no. Glucagon sensitivity (pmol/dish) (pmoVdish) 

17 1.2 1.9 4.4 
36 2.5 8.7 3.8 

2 20 2.0 0.3 6.3 
36 5.1 9.6 4.5 
39 4.0 14.0 5.3 

3 21 1.0 0.3 4.5 
36 5.8 19.8 4.1 

" Transfonned MOCK cell stocks were maintained in DMEM with 5% fetal bovine serum. At various passages indicated. 
cells were subcultured into the same medium and grown for 14 days with fresh medium added every 3 days. Glucagon 
sensitivity was detennined as described in Table I. The amount of PGE2 and PGF2a in the medium at the time of 
measurement of glucagon sensitivity was detennined by radioimmunoassay. 

cells is sufficient to induce glucagon responsiveness in transfonned MDCK cells. 
There was no increase in the spontaneous glucagon sensitivity oftransfonned MDCK 
cells that were cocultured with NRK cells compared to transfonned MDCK cells 
cultured alone. The maximal final concentration of PGE2 in the medium of either 
nonnal MDCK or NRK cells under defined medium conditions was less than 1 nM, 
a concentration less than that required exogenously to induce glucagon sensitivity 
in transfonned MDCK cells (see below), which may explain this negative result. 

As another approach to examine the role of prostaglandins in the expression 
of glucagon sensitivity, the ability of exogenous prostaglandins to induce glucagon 
sensitivity in transfonned MDCK cells was examined. Such an approach eliminates 
the problems associated with long-tenn culture described above. 

2.2.1. Characterization of Induction by Prostaglandins 

Induction of glucagon sensitivity of transfonned MDCK cells was most ef
fective with PGE1 and PGE2 , whose effects on transfonned MDCK cell cAMP and 
induction were identical. The induction was maximal by 4-6 days and dependent 
on the concentration of PGE, (Fig. 2). Induction was maximal with 10-100 nM 
PGE1 , whereas higher concentrations were less effective. Whether this lack of 
induction with higher concentrations reflects a sort of desensitization is unknown. 
As before, the Kacl of glucagon activation of adenylate cyclase induced by PGE 
was identical to that induced by butyrate and that which occurred spontaneously, 
that is, tenfold higher than that of the parental line. No other prostaglandins were 
as effective as the PGE series in inducing glucagon sensitivity, although some 
induction was consistently observed with PGI2 (Table IV). 
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2.2.2. Role of cAMP 

Prostaglandin E efficiently elevates cAMP (over a 3-min period) in transformed 
MDCK cells to a much greater extent (11- to 12-fold acti.vation) than any other 
prostaglandin (Table IV). Prostaglandin B2 (sixfold) and PGI2 (threefold) also mod
estly increased cAMP production. The concentration range over which prostaglan
dins of the E series increase intracellular cAMP is 10 nM to 1 f.LM (Fig. 2), 
suggesting a role for cAMP in the induction process. Although PGh has a modest 
effect on cAMP levels as well as induction, PGB2 has a greater effect on cAMP 
levels but does not cause induction of glucagon sensitivity. However, the elevation 
of cAMP by PGE is rapid (within minutes) and disappears, whereas induction 
requires 3 to 5 days. Furthermore, isoproterenol, like PGE, efficiently stimulates 
cAMP production but is ineffective in inducing glucagon sensitivity. The data 
suggest that an increase in cAMP levels may be involved in the induction process 
but that increased cAMP is not sufficient to induce glucagon sensitivity. Whether 
an early, specific phosphorylation event mediated by PGE but not PGB2 or isopro
terenol is involved in the induction is under investigation. 
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FIGURE 2. Concentration dependence of induction and cAMP stimulation by PGE,. Trans
formed MOCK cells were incubated in defined medium with the indicated concentration of PGE, 
for 3 days, and glucagon sensitivity was determined as in Table I (0 -- 0). The cAMP respon
siveness of parallel uninduced cells to the indicated concentration of PGE, was measured as 
in Table I (e - - e). 
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TABLE IV. Effect of PGs on Induction and Cyclic AMP levelsa 

Cyclic AMP 
Glucagon sensitivity (pmoll106 cells per 3 min) 

Control 1.0 9.0 
PGE1 2.2 101.1 
PGE2 4.3 109.8 
PGF2a 1.4 9.0 
PGA2 1.5 28.8 
PGB 1 1.0 14.4 
PGB2 1.0 54.0 
PGh 2.5 27.0 

a Transfonned MOCK cells were induced by treatment with the indicated prostaglandin (1 ()() 
oM) in defined medium for 5 days. and glucagon sensitivity was measured as described in 
Table I. The cAMP responsiveness to the various prostaglandins was detennined in unin
duced cultures as in Table I. 

2.3. Inhibition of Induction 

The spontaneous appearance of glucagon sensitivity as well as that induced 
by butyrate and PGE could be inhibited by cycloheximide, a-amanitine, and tunica
mycin (Beckner et al., 1985), suggesting that de novo protein synthesis is required 
for the expression of glucagon sensitivity. The spontaneous appearance of glucagon 
sensitivity occurred more readily in defined medium than in serum-containing me
dium, suggesting an inhibitory effect of serum. As expected, serum was found to 
inhibit PGE induction of glucagon sensitivity (Table V). When PGE induction was 
carried out in as little as 0.2% fetal bovine serum, there was no development of 
glucagon sensitivity. Further studies determined that the presence of serum was 
only required during the first 24 hr of induction, both that induced by PGE as well 
as that which appears spontaneously. This result suggests either that the trigger for 
the differentiation occurs early during the induction process or that the effect of 
serum is a long-lasting one. This serum effect is not mediated by the differentiation 
inhibitor described by Evinger-Hodges et al. (1982), although the identity of a 
specific inhibitor of MOCK cell differentiation remains to be determined. 

Induction of glucagon sensitivity by any agent can also be inhibited by high 
concentrations of cAMP. For example, as seen in Table VI, 600 /LM 8-Br-cAMP 
decreases the glucagon sensitivity induced by butyrate from 2.4- to 1.5-fold. This 
result may explain why concentrations of PGE1 higher than that required to max
imally elevate intracellular cAMP levels are not as efficient as lower concentrations 
in inducing glucagon sensitivity (Fig. 2) when included in the incubation for the 
3-5 days required for induction. 

Phorbol esters are well known to enhance prostaglandin production in MOCK 
cells (Ohuchi and Levine, 1978). In the experiments noted above, however, there 
was no effect of phorbol esters on the induction of glucagon sensitivity. 

Surprisingly, TPA (12-o-tetradecanoylphorbol-13-acetate) was a potent inhib
itor of PGE induction of glucagon sensitivity (Table VII). In the presence of 0.1-50 
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TABLE V. Inhibition of PGE Induction 
by Seruma 

Control 
PGE2 

+ 0.05o/c FBS 
+ 0.20% FBS 

Glucagon sensitivity 
(fold activation) 

1.0 
9.5 
2.5 
1.0 

"Transfonned MDCK celb were Induced for 5 days In 
defined medIUm wIth or wIthout (control) 100 nM PGE, 
and fetal bovine serum. and glucagon sensItivity was 
detennIned as In Table 1. There was no effect of FBS 
alone on glucagon sensitivity. 
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nM TPA, the induction of glucagon sensitivity by PGE was completely inhibited. 
There was no effect of the inactive phorbol ester (4a-phorbol-12,13-didecanoate). 
In some systems, TP A has been shown to uncouple hormone receptors from bio
logical responses, which might explain the inhibition of PGE induction by TPA. 
However, TPA had no effect on the ability of transformed cells to respond to 
isoproterenol or PGE, ruling out this explanation of the results. Whether the effect 
of TPA is related to its recently discovered regulation of C kinase activity is currently 
under investigation. 

3. CONCLUDING REMARKS 

As stated at the outset, evidence is emerging for a role of prostaglandins in 
carcinogenesis and differentiation. However, to date, no clear-cut relationships 
exist. Prostaglandins seem to either inhibit or facilitate cell proliferation and dif
ferentiation depending on the cell examined. Prostaglandins of the E series inhibit 

TABLE VI. Inhibitory Effect of 8-Br-cAMP 
on Butyrate Inductiona 

Control 
Butyrate 

+ 50 fLM cAMP 
+ 150 fLM cAMP 
+ 600 fLM cAMP 

Glucagon sensitivity 

1.1 
2.4 
2.3 
2.1 
1.5 

" Transfonned MOCK cells were induced for 72 hr in defined 
medium with 2 mM butyrate in the presence or absence of 
the indicated concentrations of 8-Br-cAMP. Glucagon sen
sitivity was detennined as in Table I. 
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TABLE VII. Inhibition of PGE2 Induction 
by TPA 

Control 
PGE2 

+ 0.1 nM TPA 
+ 2.0 nM TPA 
+ 50 nM TPA 
+ 50 nM 4-o:-PDD 

Glucagon sensitivity 

1.0 
6.5 
1.2 
1.3 
1.1 
4.3 

" Transfonned MOCK cells were induced with PGE, in defined 
medium (100 nM) for 5 days in the presence or absence of the 
indicated concentration ofTPA or 4a-POO. Glucagon sensitivity 
was determined as described. 

the differentiation of a granulocyte/macrophage stem cell system (Kurland and 
Moore, 1977) but stimulate differentiation in a myeloid cell line (Ml) established 
from a mouse myelogenous leukemia (Ichikawa, 1969). Similarly, PGE2 inhibited 
differentiation of monocyte and T lymphocyte precursor cell systems (Bockman 
and Rothschild, 1979), whereas PGA} enhanced erythropoiesis in the well-char
acterized Friend erythroleukemic cell system (Santoro et al., 1979). Enhanced 
phospholipase and cyclooxygenase activity were found to accompany dimethyl
sulfoxide-induced differentiation in HL60 cells, a human promyelocytic leukemia 
cell line (Bonser et al., 1981). 

Variable effects of prostaglandins on the differentiation of nonhematopoietic 
model systems have been found. Prostaglandins induce differentiation of neuro
blastoma cells (Prasad, 1982), presumably by elevation of cAMP levels. In the 
3T3-Ll system, which differentiates into adipocytes, inhibitors of prostaglandin 
synthesis accelerate adipose conversion (Williams and Polakis, 1977), specifically 
by reducing levels of P0I2 (Hopkins and Gorman, 1981). In a similar differentiation 
model system, ob 17 preadipocytes, differentiation can also be accelerated by 
inhibition of prostaglandin synthesis (Verrando et al., 1981), but in this instance 
by reducing levels of PGF2ct (N egrel et al., 1981). In summary, no clear correlations 
exist. 

The present findings suggest that prostaglandins of the E series regulate dif
ferentiation in this model system by inducing the expression of glucagon sensitivity 
in transformed MDCK cells that have lost the capacity to respond to the hormone. 
Unfortunately, it was not possible to manipulate the degree of glucagon sensitivity 
by regulating endogenous prostaglandin production. This failure may reflect the 
greatly reduced capacity of transformed MDCK cells to produce prostaglandins 
under conditions favorable for induction. The basal production of prostaglandins 
by transformed MDCK cells is 1-2% that of normal MDCK cells. At best, this 
could only be increased twofold. Although endogenously produced prostaglandins 
seem more potent than exogenous prostaglandins (Hassid, 1983), it is unlikely that 
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maximal concentrations of PGE2 produced by transformed MDCK cells would 
exceed 1 nM, which is less than 10% of the concentration of PGE2 required ex
ogenously to induce glucagon sensitivity (Fig. 2). 

Although serum is commonly observed to stimulate proliferation, a serum 
factor has also been found to inhibit differentiation in a muscle model system 
(Evinger-Hodges et al., 1982). In the MDCK cell model system, serum also acts 
as an inhibitor of differentiation (Table V). However, in normal MDCK cells, dome 
or blister formation is enhanced by inducers of differentiation and also by serum 
(Lever. 1981). Certainly. our understanding of how different cells respond to un
defined serum factors is incomplete. The opposite effects of serum on the induction 
of glucagon sensitivity in transformed MDCK cells and dome formation in normal 
MDCK cells. both differentiated functions, suggest that differentiation represents 
a complex interplay of biochemical signals. 

Although the biochemical mechanisms underlying the induction of glucagon 
sensitivity remain to be elucidated, the MDCK cell system represents a good model 
system to examine these questions. That glucagon sensitivity can be induced with 
PGE and this effect blocked by phorbol esters suggests that protein phosphorylation 
may be involved in these processes. Further understanding of the biochemical 
mechanisms of prostaglandin regulation of differentiation in this and other model 
systems should provide insight into processes at work during abnormal differentia
tion and carcinogenesis. 
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Human Trabecular Meshwork 
Cells 
Arachidonic Acid Metabolism and 
Prostaglandin Release 

MARY E. GERRITSEN, BERNARD I. WEINSTEIN, 
GARY G. GORDON, and A. LOUIS SOUTHREN 

1. SUMMARY 

In man, most of the aqueous humor drainage and the major resistance to outflow 
occur across the trabecular meshwork and inner wall of Schlemm's canal. Pros
taglandins are known to alter intraocular presure (lOP) and have been implicated 
in both physiological and pathophysiological aspects of lOP regulation. In the 
present study, we have characterized pathways of arachidonic acid metabolism in 
human trabecular meshwork (HTM) cells and measured basal and hormone-stim
ulated PGE2 release. The principal product of [I - 14C]PGH2 metabolism and 
[I - 14C]arachidonic acid metabolism was PGE2 . Immunoreactive PGE2 was re
leased in excess of immunoreactive 6-keto-PGF la during I5-min incubations in 
phosphate-buffered saline. Incubation wth indomethacin (5 j.LM) for 20 min sub
stantially reduced (80-85% inhibition) PGE2 formation from AA. Overnight in
cubation with dexamethasone (lDso = 3.3 x 10-9 M) inhibited basal and A23187-
stimulated PGE2 release. The effects of dexamethasone on PGE2 synthesis and 
release could be prevented by pretreatment of the HTM cells with 2 j.Lg/ml cyclo
heximide. A23187 (10-6-10-5 M) elicited a significant (P < 0.05 compared to 
control) increase in PGE2 release (RIA determinations). 
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2. INTRODUCTION 

The aqueous humor is continuously elaborated by the cells of the ciliary 
epithelium into the posterior chamber of the eye and from there flows into the 
anterior chamber. The continuous production of aqueous humor also requires con
tinuous drainage of the fluid, which occurs mainly through the trabecular meshwork 
into the canal of Schlemm and then into veins leaving the eye. Primary open angle 
glaucoma (POAG), which is associated with chronically elevated intraocular pres
sure (lOP), is a result of a decreased facility of outflow. 

Various theories have been proposed to account for the defect in primary open 
angle glaucoma (POAG) leading up to increased lOP. Anatomic studies of the 
outflow channels in human eyes have suggested increased accumulation of extra
cellular material near the inner wall of Schlemm's canal (Rohen, 1973; Segawa, 
1975; Rodrigues et al., 1976), indicating that the outflow facility might be com
promised. Glycosaminoglycans, including chondroitin sulfate, dermatin sulfate, and 
hyaluronic acid, are synthesized by cultured meshwork cells (Schachtschabel et al., 
1977, 1982; Polansky et al., 1978) and may playa role in increased lOP. However, 
a direct relationship between glycosaminoglycans and the metabolism and function 
of trabecular meshwork cells has not been established. An alternative theory suggests 
some role of glucocorticoids in POAG. These steroids are contraindicated in these 
patients, as they frequently elicit a further pronounced rise in lOP and can lead to 
blindness. Studies of cortisol metabolism in trabecular meshwork cells obtained 
from normal and POAG eyes revealed a fundamental difference in the metabolism 
of glucocorticoids (Southren et al., 1983). 

Trabecular meshwork cells from POAG patients demonstrated significantly 
greater b. 4-reductase and a significantly decreased 3-oxidoreductase activity com
pared to cells from normal patients. The net effect of these two actions would be 
an increased level of the intermediates 5~- and 5a-dihydrocortisol. Recent studies 
(Weinstein et al., 1983; Southren et al., 1984) have demonstrated a potentiation 
of the glucocorticoid effects in the rabbit by 5~-dihydrocortisol and suggest that 
this metabolite may be important in the etiology of POAG. 

The precise mechanism of the glucocorticoid effects on lOP in POAG patients 
is unknown. Glucocorticoids have been demonstrated to inhibit prostaglandin (and 
other eicosanoids) production in many cells and tissues. This action appears to 
require the synthesis of a phospholipase inhibitory protein(s) called macrocortin 
(Blackwell et al., 1980), lipomodulin (Hirata et al., 1980), or renocortin (Russo
Marie and Duval, 1982). Prostaglandins introduced topically on the rabbit eye will 
elicit dose-dependent increases in lOP (Waitzman and King, 1967), although use 
of lower doses in other species (cat and monkey) can elicit a reduction in lOP (Stem 
and Bito, 1982; Camras et al., 1979). Increased levels of prostaglandins in the 
anterior chamber have been observed following surgery, and cyclooxygenase in
hibitors (aspirin, indomethacin) will reduce ocular inflammation following surgery 
(Miller et al., 1973; Peyman et al., 1979). Weinreb et al., (1983) recently reported 
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release of immunoreactive PGE2 by cultured human trabecular meshwork cells and 
the inhibition of PGE2 release by dexamethasone. 

In the present study we examined (1) the metabolism of [I - 14C]arachidonic 
acid by cultured human trabecular meshwork (HTM) cells, (2) release of PGE2 and 
6-keto PGF la by HTM cells, and (3) the effects of cortisol and dexamethasone on 
basal and A23I87-stimulated PGE2 synthesis by HTM cells. 

3. METHODS 

3.1. Cell Culture 

Human trabecular meshwork (HTM) tissues were obtained from normal eye 
bank eyes post-mortem. Histological examination of the eyes used in this study 
confirmed the absence of POAG. The HTM cells were cultured as described pre
viously (Polansky et al., 1978, 1979; Worthen and Cleveland, 1982; Southren ef 

at., 1983) in Oulbecco's modified Eagle's medium (OME) supplemented with 10% 
fetal calf serum (FCS). Cells used in this study were from the third through sixth 
passages. 

3.2. [14C]Arachidonic Acid Metabolism 

The HTM cells were cultivated in six-well Linbro culture dishes. At confluence, 
medium was gently aspirated, and the cells were washed twice with I ml of 37°C 
phosphate-buffered saline (PBS), pH 7.4. The cells were incubated 2 hr with 4 
j.LCi of [1- 14C]arachidonic acid (AA) in OME without FCS. At the end of the 
incubation, the medium was removed and extracted with four volumes of ethyl
acetate: methanol: 0.2 M citric acid (I5 : 2 : I), and the organic phase was 
evaporated in vacuo. The residue was resuspended in 50 j.Ll of ethyl acetate and 
applied to silica gel G GHL (Analtech) TLC plates. Chromatograms were developed 
in the organic phase of ethylacetate : hexane: acetic acid: water (56 : 24 : 12 
: 60). Products were identified by co migration with authentic standards. 

3.3. Prostaglandin Release 

Confluent HTM cells were fed 24 hr prior to experiments. Cells were washed 
twice with I ml of PBS (23°C) and preincubated 15 min with PBS followed by a 
I5-min incubation with or without the Ca2 + ionophore A23I87. Release of PGE2 

and 6-keto PGFla was quantified by radioimmunoassay using Seragen antisera 
against PGE2 and Cappel Industries anti-6-keto-PFG1a , as described in earlier pub
lications (Gerritsen and Cheli, 1983; Rodrigues and Gerritsen, 1984). 



188 MARY E. GERRITSEN et al. 

3.4. Steroid Treatment 

Confluent HTM cells were fed 24 hr prior to experiments. Cells were washed 
twice with I ml of PBS and then incubated 12-14 hr with DMEM containing 1% 
dialyzed FCS with or without steroids at 37°C, 5% CO2 in air. After this culture 
medium was removed, the cells were washed with I ml of PBS, preincubated 15 
min with PBS (23°C), and then challenged with 5 j.Lg/ml A23187. The PGE2 release 
was determined by radioimmunoassay and standardized with respect to protein 
concentration determined by the method of Lowry et al. (1951). 

4. RESULTS 

The major product of [1- 14C]arachidonic acid metabolism by intact HTM cells 
comigrated with authentic PGE2, with minor amounts of 6-keto-PGF1a , PGF2a , and 
PGD2 formed (Fig. I). Formation of all products was substantially reduced (80-85% 
inhibition) by preincubation with 5 j.LM indomethacin prior to addition of arachidonic 
acid. The HTM cells exhibited comparatively high conversion of [I - 14C]AA to 
products compared to neighboring scleral fibroblasts isolated from the same eyes 
(Fig. I) and to other cultured cells such as endothelial cells (Baenziger et al., 1979). 
The radioimmunassay data (Table I) indicated that PGE2 was released in excess of 
6-keto-PGFla during a 15-min incubation with PBS. Similar results were obtained 
with two other HTM cell lines derived from different primary cultures. 

The Ca2 + ionophore A23l87 elicited a dose-dependent stimulation of PGE2 

release (Table II). A 12-hr pretreatment with dexamethasone inhibited total PGE2 

release into the growth medium (Fig. 2a), as well as inhibiting basal (PBS) (Fig. 
2b) and A23187 (Fig. 2c) -stimulated PGE2 release. These effects of dexamethasone 
were not observed in cells pretreated with 2 j.Lg/ml cycloheximide (data not shown). 
In contrast, pretreatment with cortisol under the same conditions indicated a biphasic 
effect on A23187 -stimulated release at concentrations of 10-9-10-8 M and inhibited 
A23187 -stimulated release at higher concentrations of cortisol (Table III). 

5. DISCUSSION 

This study demonstrates that the principal prostaglandin produced by cultured 
HTM cells is PGE2 . The release of PGE2 can be augmented by addition of exogenous 
arachidonic acid or by incubation with A23187. Much smaller amounts of 6-keto
PGF1a , the stable hydrolysis product of PGI2 , are also elaborated by the HTM cells. 

Synthesis of PGE2 by the HTM cells was greatly reduced by preincubation 
with the cyclooxygenase inhibitor indomethacin. Overnight incubation with the 
nonmetabolizable glucocorticoid agonist dexamethasone elicited a dose-dependent 
reduction in basal and stimulated PGE2 release. In contrast, the effect of cortisol 
was mixed, enhancing basal and stimulated PGE2 release at low concentrations 
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FIGURE 1. [14C]Arachidonic acid metabolism by human trabecular meshwork (HTM) cells (top) 
and scleral fibroblasts (HSF) (bottom). The major product produced by both cell types was PGE2 . 

Representative radiochromatograms are drawn on the same scale. 
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TABLE I. Release of Immunoreactive PGE2 and 6-Keto
PGF'a by Human Trabecular Meshwork (HTM) and Scleral 

Fibroblast (HSN) Cells Obtained from Different Patientsa 

Cell line 6-Keto-PGF,a PGE2 

HTM 54 0.05 ± 0.01 7.2 ± 3.4 
HTM 61A 0.08 ± 0.02 5.4 ±1.2 
HTM 61A < 0.01 0.6 ± 0.2 
HSN 54 0.04 ± 0.02 0.74 ± 0.3 

"Incubation was for 15 min in PBS at n"e in air. Values (ng/well) are expressed 
as the means of six observations. each determined in duplicate. ± standard error 
of the mean. 

« 10-8 M) and inhibiting PGE2 release at higher doses (i.e., > 10-8 M). The effects 
of dexamethasone were prevented by treatment of cycloheximide, suggesting the 
requirement for protein synthesis in the dexamethasone effect. 

The significance of PGE2 synthesis in the HTM cell is unknown. However, 
in view of the stimulatory actions of PGE2 and other prostaglandins on other 
secretory and absorptive cells (e.g., in the gut, kidney, and seminal vesicle), it is 
not unreasonable to propose a regulatory action of PGE2 on transport/secretory 
functions of trabecular meshwork cells. 

TABLE II. Release of Immunoreactive PGE2 by 
HTM-54 Cells: Effects of A23187 

Dose of A23187 (11M) 

I 
5 

10 

PGE2 (ng/well per 15 min)a 

2.6 ± 0.3 
6.6 ± I.lb 

23.9 ± 6.5b 

" Basal (PBS) levels of PGE2 were 3.2 ± 1.5 ng/well per 15 min. 
b Significantly different (P < 0.05 ANOV A; n = 4) compared to con

trol. Each well contains cells equivalent to 350-410 fig protein. 

TABLE III. Effects of Overnight Incubation of HTM cells (HTM- 54) 
in DME plus 1 % Dialyzed Serum with Cortisol or Without (Control) 

Cortisol (M) n Percent of controla 

10-12 6 93.8 ± 4.6 
10-11 6 94.0 ± 2.8 
10-10 8 94.1 ± 9.2 
10-9 8 119.0 ± 11.6 
10-8 17 163.2 ± 14.3b 

10-7 15 83.6 ± 9.4 
10-6 9 41.0 ± 8.8b 

a Data are expressed as percent of control (no cortisol) for each experiment ± S.E.M. 
b Significant increase or decrease over control (100%) (P < 0.05. ANOVA). 
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FIGURE 2. HTM-54 cells were incu
bated overnight with several concen
trations of dexamethasone in DME plus 
1% dialyzed FBS. The following day, 
the overnight media were removed and 
assayed for PGE2 . The cells were 
washed with 0.5 ml PBS, then incu
bated 15 min with PBS (23°C). The 
PBS was removed and assayed for 
PGE2 , and fresh PBS with 5.0 iJ.g/ml 
A23187 was added to the cells and 
incubated 15 min (23°C). This incu
bation buffer was removed and as
sayed for PGE2 . Cell protein was de
termined by the Lowry method. Values 
are the means of four observations, 
each assayed in duplicate. 
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The biphasic effect of cortisol on PGE2 synthesis and release by the HTM 
cells is an intriguing observation. The role of this glucocorticoid "dual response" 
to HTM cell function is a subject for future investigation. 
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Prostacyclin Can Inhibit DNA 
Synthesis in Vascular Smooth 
Muscle Cells 

NANCY E. OWEN 

1. INTRODUCTION 

19 

Vascular smooth muscle cell proliferation plays a pivotal role in physiological 
processes such as wound repair and in pathological processes such as atheromatous 
plaque formation. However, little is known about the mechanism by which DNA 
synthesis and cell growth are stimulated or regulated in vascular smooth muscle 
cells. In part, this lack of information is because of the lack of a suitable model 
system. In this regard, Ross (1971) was among the first to grow vascular smooth 
muscle cells in culture. It was observed that vascular smooth muscle cells, like 
other cells in culture, growth arrest at the G}/Go interphase when deprived of serum 
or essential nutrients. It was subsequently determined that the vascular smooth 
muscle cell mitogenic factor in serum originated from platelets and has been ap
propriately termed platelet-derived growth factor (PDGF) (Ross et at., 1974). 

In addition to its mitogenic properties, PDGF has also been shown to stimulate 
prostacyclin synthesis in both vascular smooth muscle and endothelial cells (Cough
lin et al., 1980). Studies in 3T3 cells suggest that PDGF stimulated PGh synthesis 
via effects on a Ca2 + -sensitive phospholipase that liberates arachidonic acid from 
the membrane phospholipids (Shier and Durkin, 1982). Prostacyclin (PGIz) is the 
most potent vasodilator and platelet inhibitor thus far identified. The biological 
activity of PGh has been suggested to be mediated through its effects on adenylate 
cyclase and elevation of cyclic AMP (cAMP) levels (Hopkins and Gorman, 1980). 
Cyclic AMP has been demonstrated to be a negative regulator of cell proliferation 
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(for reviews, see Berridge, 1975; Chalapowski et al., 1975; Pastan et al., 1975). 
In this regard, Huttner et al. (1977) have provided evidence to support the hypothesis 
that elevations in cAMP levels inhibit vascular smooth muscle cell proliferation. 
They demonstrated that agents such as PGE1 that are known to elevate cAMP 
content inhibit cellular proliferation. A similar inhibition of cell proliferation was 
found using cyclic nucleotide phosphodiesterase inhibitors (e.g., caffeine or pa
paverine). 

Based on these results, one could envision vascular smooth muscle cells as a 
finely tuned system wherein proliferation is both stimulated and attenuated indirectly 
by PDGF. Thus, PDGF, which is a potent mitogen for vascular smooth muscle 
cells, may regulate its own proliferative effects by initiating PGI2 synthesis. The 
PGI2 , through elevations in cAMP levels, could, in tum, inhibit DNA synthesis. 
In the present studies, we investigated the effects of PGI2 and elevations in cAMP 
on DNA synthesis in vascular smooth muscle cells. 

2. METHODS 

2.1. Reagents 

Prostacyclin and prostaglandin El were generously provided by the Upjohn 
Co., Kalamazoo, MI. 8-Bromo-cAMP, dibutyryl cAMP, I-methyl-3-isobutylxan
thine, and 2' ,5'-dideoxyadenosine were purchased from the Sigma Chemical Co., 
St. Louis, MO. Forskolin was purchased from Calbiochem, La Jolla, CA. 

2.2. Procedures 

A-1O vascular smooth muscle cells were derived from embryonic rat thoracic 
aorta (Kimes and Brandt, 1976) and were purchased from American Type Culture 
Collection, Bethesda, MD. Cells were originally identified as vascular smooth 
muscle by measuring enzyme activity (myokinase and creatine phosphokinase), by 
electrophysiological measurements, and by electron microscopy. Cells were grown 
in Dulbecco's modified essential medium (DMEM) (KC Biologicals, Lenexa, KS) 
containing 10% fetal bovine serum (FBS) (KC Biologicals, Lenexa KS) in an 
atmosphere of 5% Co2 : 95% air. They were used between passages 10 and 27. 

For DNA synthesis studies, cells were removed from stock flasks by trypsin
ization and subcultured onto 24 cluster plates at a sparse density of 5000 cells/well 
in DMEM plus 10% FBS. Serum-stimulated DNA synthesis was tested since com
mercial serum presumably contains not only PDGF but also the requisite progression 
factors. Twenty-four hours following subculture, varying concentrations of inhib
itors were added to the cells and allowed to preincubate for 24 hr. Following the 
24-hr preincubation with inhibitor [3H]thymidine (1 ILCi/ml) (1 mCi/ml, Amersham 
Searle, Arlington Heights, IL) was supplemented to the cells for an additional 24-



PROSTACYCLIN AND SMOOTH MUSCLE DNA 195 

hr labeling period. In order to assess [3Hlthymidine incorporation, the medium was 
aspirated, and cells were washed with tris-buffered saline (three times), fixed with 
10% TCA (twice), washed with 95% ethanol (twice), and finally extracted with 
0.1 N NaOH. Aliquots were counted in a liquid scintillation counter to determine 
[3Hlthymidine incorporation. 

For measurement of cellular protein, cells were extracted with 0.2% SDS 
following the tris-buffered saline wash step. Protein was determined by ftuorometric 
assay as previously described (Owen and Villereal, 1982). Data are calculated as 
counts per minute per gram protein and expressed as percentage of control. The 
concentration of drug that yielded half-maximal inhibition (K,) was calculated by 
fractional inhibition analyses of dose-response curves as described by Owen and 
Villereal (1981). 

For cAMP measurements, cells were subcultured onto six-well cluster plates 
(35 mm) at a density of I x 105 cells/well in DMEM plus 10% FBS. Twenty-four 
hours following subculture, each well was washed with HEPES-buffered mininal 
essential medium (MEM). The cells were then incubated with l-methyl-3-isobu
tylxanthine and PGIz in DMEM plus 10% FBS for 24 hr. The assay was terminated 
by the addition of 0.5 ml of 10% TCA, and the aqueous samples were extracted 
with ten volumes of diethylether. Cyclic AMP was assayed by radioimmunoassay 
(New England Nuclear, Boston, MA) as described by Steiner et at. (1972) with 
the inclusion of the acetylation modification as described by Harper and Brooker 
(1975). 

3. RESULTS 

3.1. Effect of Exogenous PGb on DNA Synthesis 

In order to evaluate whether PGI2 could playa physiological role in regulation 
of DNA synthesis in vascular smooth muscle cells, the effect of adding PGI2 to 
growing cells was determined. Cells were sparsely plated as described in Section 
2.2, and PGIz was added from a 50 mM tris-HCI, pH 9.0, buffer in the presence 
of 100 J.LM I-methyl-3-isobutylxanthine. As shown in Fig. I, exogenous PGIz 
caused inhibition of DNA synthesis. The maximal effect was to depress DNA 
synthesis to approximately 50% of the control, and the half-maximal inhibitory 
concentration (K,) of PGI2 was calculated to be 10 ng/ml (28 nM). The actual values 
for [3Hlthymidine incorporation are shown in Table I. 

3.2. Effect of Exogenous PGE1 on DNA Synthesis 

Prostacyclin has been shown to exert its biological activity through its ability 
to elevate cAMP levels. As PGE] also elevates cAMP levels, it was of interest to 
test the effects of PGE] on DNA synthesis. As shown in Fig. 2 and Table I, when 
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FIGURE 1. DNA synthesis in A-10 vascular smooth muscle cells; effect of prostacyclin. A-10 
cells were subcultured onto 24-well cluster plates at a density of 5000 cells/well in DMEM plus 
10% FBS. Twenty-four hours later varying concentrations of PGb were added in the presence 
of 100 f.LM IBMX. After a 24-hr incubation, [3Hlthymidine (1 f.LCilml) was added. [3H1Thymidine 
incorporation was assayed as described in the text. Data are expressed as percentages of 
control, where control is serum-stimulated DNA synthesis in the presence of 100 f.LM IBMX. 
Values are from a representative experiment; the K, value represents the mean ± S.E.M. from 
six separate determinations. 

PGE] was added to growing cells in the presence of 100 j-LM IBMX, it also blocked 
serum-stimulated DNA synthesis. The maximal effect of PGE] was to completely 
inhibit DNA synthesis, and the Ki was calculated to be 20 f.LM. 

3.3. Effect of cAMP Analogues, Forskolin, and Phosphodiesterase 
Inhibitors on DNA Synthesis 

It was of interest to evaluate the effects of stable cAMP analogues on serum
stimulated DNA synthesis. In this connection, both 8-bromo-cAMP and dibutyryl 

Additions 

None 
IBMX 
IBMX + PGh 
IBMX + PGI, 

TABLE I. Effect of PGI2 and PGE1 on DNA Synthesisa 

[3H1Thymidine incorporation 
(cpmlg protein) 

1.6 X ro9 

1.1 x 109 

5.6 X ro8 

3.3 x ro8 

Inhibition 
(%) 

30 
50 
70 

a DNA synthesis was assayed as described in Fig. I. The concentration of IBMX was 100 IJoM. PGI, 20 ng/ml. and 
PGE, 100 IJoM. Percent inhibition refers to percent of control. where control is 10% FBS (IBMX) or 10% FBS plus 
IBMX (IBMX + PGI, and IBMX + PGE,). Values are from representative experiments. 
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FIGURE 2. DNA synthesis in A-10 vascular smooth muscle cells: effect of prostaglandin E,. 
Cells were subcultured, and DNA synthesis was assayed as described in Fig. 1 except that 
varying concentrations of PGE, were added in the presence of 1 00 f.lM IBMX. Data are expressed 
as percentages of control, where control is serum-stimulated DNA synthesis in the presence of 
100 f.lM IBMX. Values are from a. representative experiment: the K, value represents the mean 
:!: S.E.M. from four separate determinations. 

cAMP were added to growing vascular smooth muscle cells. It can be seen in Fig. 
3a,b that both analogues inhibited DNA synthesis. The K; for 8-bromo-cAMP was 
calculated to be 40 j..lM, whereas the K, for dibutyryl cAMP was calculated to be 
50 j..lM. Both agents reduced DNA synthesis to approximately 25% of control values. 
When forskolin was added to cells, it also decreased DNA synthesis to approxi
mately 30% of control, and the K, was calculated to be 20 j..lM (Fig. 3c). Finally, 
the effect of the cyclic nucleotide phosphodiesterase inhibitor IBMX was tested. 
As demonstrated in Fig. 3d, IBMX also inhibited DNA synthesis, with a maximal 
reduction of 70% of control. The K, for IBMX was found to be 30 j..lM. The studies 
described above indicated that elevating cAMP by three mechanistically separate 
means yielded a similar result (i.e., inhibition of serum-stimulated DNA synthesis). 

3.4. Effect of 2' ,5'-Dideoxyadenosine on PGI2 Inhibition of 
DNA Synthesis 

The above findings support the contention that PGI2 inhibited DNA synthesis 
in VSMC. The data also indicated that sustained elevations in cAMP levels block 
DNA synthesis. If these two findings are causally related, i.e., if PGI2 has its effects 
on DNA synthesis via effects on cAMP, then if the ability of PGh to elevate cAMP 
levels is blocked, its ability to inhibit DNA synthesis should be abolished. This 
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FIGURE 3. DNA synthesis in A-10 vascular smooth muscle cells: effect of cAMP analogues, 
forskolin, and IBMX. Cells were subcultured, and DNA synthesis was assayed as described in 
Fig. 1 except that varying concentrations of dibutyryl cAMP, 8-bromo-cAMP, forskolin, or IBMX 
were added. Data are expressed as percentages of control, where control is serum-stimulated 
DNA synthesis. Values are from representative experiments. The K, value represents the mean 
± S.E.M. from six separate determinations (a,b), from four separate experiments (c), or from 
five separate experiments (d). 
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FIGURE 3. (Cont.) 

was tested using 2' ,5'-dideoxyadenosine (DDA), which has been shown by Fain 
et al. (1972) to inhibit adenylate cyclase activation. Figure 4 depicts the results of 
studies in which the dose dependence of PGI2 inhibition of DNA synthesis was 
measured in the presence and absence of DDA. Prostacyclin did not cause an 
inhibition of DNA synthesis in the presence of DDA. 
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FIGURE 4. DNA synthesis in A-1 0 vascular smooth muscle cells: effect of prostacyclin ± 2' ,5'
dideoxyadenosine. Cells were subcultured, and DNA synthesis was assayed as described in 
Fig. 1 except that varying concentrations of PGI2 were added in the presence of 100 j.LM IBMX 
or in the presence of 100 j.LM IBMX plus 100 j.LM 2' ,5' -dideoxyadenosine. Data are expresed 
as percentages of control, where control is serum-stimulated DNA synthesis in the presence of 
100 j.LM IBMX. Values are from a representative experiment; the K, value represents the mean 
± S.E.M. from three separate determinations. 

3.5. Relationship between cAMP levels and DNA Synthesis 

Levels of cAMP were determined under the same conditions as used for the 
measurement of [3Hlthymidine incorporation (i.e., cells were subcultured at the 
same density and were incubated with PGI2 plus IBMX for 24 hr prior to mea
surement). As demonstrated in Fig. 5, control cells have approximately 5.5 pmol 
cAMP per g protein. This level is elevated threefold (i.e., to 13.7 pmol/g protein) 
in response to a maximal concentration of PGI2 (30 nM plus IBMX). The data in 
Fig. 5 suggest that there may be an inverse relationship between the effects of PGI2 

on cAMP levels and on DNA synthesis in VSMC. 

4. DISCUSSION 

The present studies demonstrate that prostacyclin inhibits DNA synthesis in 
cultured vascular smooth muscle cells. The mechanism by which PGI2 caused 
inhibition of DNA synthesis may be through its effects on adenylate cyclase and 
cellular cAMP levels. This contention is supported by the finding that PGE" another 
agent that activates adenylate cyclase, also inhibited DNA synthesis in VSMC. 
Furthermore, when cAMP levels were elevated using stable cAMP analogues, by 
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FIGURE 5. Relationship between 
DNA synthesis and cyclic AMP 
levels in A-10 vascular smooth 
muscle cells. DNA synthesis (0) 
was assayed as described in Fig. 
1. Data are expressed as per
centages of control. Control is 
serum-stimulated DNA synthesis 
in the presence of 100 fLM IBMX; 
PGI2 (20 ng/ml) was also added in 
the presence of 100 fLM IBMX. 
Values represent mean ± S.E.M. 
from four separate determinations. 
Cyclic AMP (~) was determined by 
radioimmunoassay as described 
in the text. 
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forskolin, or by the potent phosphodiesterase inhibitor l-methyl-3-isobutylxanthine, 
DNA synthesis was always inhibited. These studies are the first demonstration that 
the potent vasodilatory and antiplatelet agent POh may also regulate vascular cell 
proliferation. 

Further evidence that POI2 exerts its effects on DNA synthesis via an elevation 
in cAMP was provided by experiments using 2' ,5' -dideoxyadenosine. These studies 
attempted to dissociate POI 2 effects on DNA synthesis from POh effects on cAMP 
elevation . It appeared that the two could not be separated, since POI2 had no effect 
on DNA synthesis when added to cells in the presence of DDA. The final evidence 
that POIz inhibited DNA synthesis via effects on cAMP was provided by actual 
measurements of cAMP. These data indicated that POI2 effects on cAMP levels 
and on DNA synthesis were inversely related. 

The interpretation of these data is complicated by the extremely short biological 
half-life of POI2 (i.e., approximately 5 min at pH 7.45). However, all experiments 
with POI2 were done in the presence of the phosphodiesterase inhibitor IBMX. 
Thus, although POIz was rapidly degraded and had its effects on adenyl ate cyclase 
very rapidly (within seconds), the effects were maintained over a longer period of 
time . This contention is substantiated by the finding that the elevation in cAMP 
levels was still threefold greater than control after a 24-hr incubation. Presumably, 
the reason that POI 2 was found to be less potent than POE] in inhibiting DNA 
synthesis (i .e., 30% inhibition versus 50% inhibition) is its short biological half
life. 

Regardless of the absolute magnitude of inhibition , POI2 was found to cause 
a long-term elevation in cAMP levels (i .e . , a threefold increase over control after 
24 hr) and to inhibit DNA synthesis in vascular smooth muscle cells . These data 
are in agreement with those of Huttner et al. (1977) as well as with the large body 
of evidence suggesting that cAMP is a negative modulator of cellular proliferation 
(Berridge, 1975; Chalapowski et at.. 1975; Pastan et al .. 1975). On the other hand, 
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recent studies by Franks et at. (1984) demonstrate that an increase in adenylate 
cyclase activity precedes DNA synthesis in cultured vascular smooth muscle cells. 
However, their studies also indicated that when cellular adenylate cyclase activity 
was elevated with cholera toxin, DNA synthesis appeared to be inhibited. On this 
basis, it was suggested that the increase in adenylate cyclase activity seen was a 
discrete event (i.e., a brief elevation and a return to basal levels) and that if adenylate 
cyclase is prevented from returning to basal levels the cells are blocked from 
synthesizing DNA. Thus, it appears that the present results with PGh in the presence 
of IBMX are analogous to the abovementioned findings with cholera toxin. 

The precise mechanism by which cAMP affects DNA synthesis may be highly 
dependent on the time at which cAMP exerts its effects. Nevertheless, certain steps 
in the stimulus-transfer pathway for DNA synthesis have been described. One step 
is the early activation of an amiloride-sensitive Na + /H + exchange pathway. This 
system has been demonstrated to occur in many cell types (Schul diner and Roz
engurt, 1982; Moolenaar et at., 1983; Mix et at., 1984), has been shown to be 
activated by many mitogens [e.g., PDGF (Rozengurt and Mendoza, 1980; Cassel 
et at., 1983; Owen, 1984)], and, finally, has been suggested to be a trigger for 
DNA synthesis (Rozengurt and Mendoza, 1980; Schul diner and Rozengurt, 1982; 
Owen and Villereal, 1982). This Na+/H+ exchange system is present in A-1O 
vascular smooth muscle cells and can be stimulated by PDGF (Owen, 1984). 
Furthermore, the mechanism by which the system is stimulated is thought to involve 
an elevation in intracellular Ca2+ activity (Villereal and Owen, 1982). Most if not 
all effects of cAMP in cells are associated with activation of a protein kinase and 
subsequent protein phosphorylation. Therefore, it is likely that cAMP is initiating 
the phosphorylation of a protein that, in tum, interferes with a step(s) in the stimulus
transfer pathway for DNA synthesis. It is tempting to speculate that cAMP is causing 
the phosphorylation of a modulator of the Ca2 + sequestration system as has been 
proposed for other cell types (Haslam et at., 1979; Owen and Le Breton, 1981). 
If this were the case, cAMP would effectively decrease intracellular Ca2 + levels 
and inhibit Na + /H+ exchange. Certainly, cAMP could have its effects entirely 
independent of Ca2+ as well. 

Although the temporal and molecular mechanism of PGI2 inhibition of DNA 
synthesis is not known, the phenomenon is likely to be important physiologically. 
In this regard, vascular smooth muscle cell proliferation is an integral aspect of 
atheromatous plaque formation (Ross and Glomset, 1976). Interestingly, vascular 
smooth muscle cells obtained from atherosclerotic lesions produce much less pros
tacyclin than do normal vascular smooth muscle cells (Larrue et at., 1980). The 
present studies suggest that these two observations may be linked and that vascular 
smooth muscle cells may proliferate in atheromatous plaques in part because of 
depressed levels of prostacyclin production. 

Thus, the present studies suggest that vascular smooth muscle cell proliferation 
may represent a finely tuned system: PDGF may regulate its own proliferative 
potential indirectly via effects on PGI2 and cAMP. 
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Quantitation of Arachidonate 
Released during the Platelet 
Phosphatidylinositol Response 
to Thrombin 

J. BRYAN SMITH, CAROL DANGELMAIER, 
and GERARD MAUCO 

1. INTRODUCTION 

20 

Several workers have shown that decreases in the radioactivity of phosphatidyli
nositol (PI) and phosphatidylcholine (PC) occur when platelets pre labeled with 
radioactive arachidonic acid are treated with thrombin (see Rittenhouse-Simmons 
and Deykin, 1981, for review). These decreases have been attributed to arachidonate 
release by one of two mechanisms (Fig. 1). In one mechanism, PI is hydrolyzed 
by a PI-specific phospholipase C, yielding diacylglycerol and inositol phosphate. 
The diacylglycerol is further hydrolyzed by a lipase or lipases, releasing arachidonic 
acid and other fatty acids. In the other mechanism, PC is hydrolyzed by a phos
pholipase A2 , releasing arachidonic acid and other fatty acids from the 2-position 
and producing lysophosphatidylcholine (LPC). There is also some evidence that 
arachidonic acid is made available by the action of phospholipase A2 on phospha
tidy lethanolamine. 

There is presently some controversy over the relative importance of the above 
two pathways in contributing arachidonic acid for thromboxane A2 formation by 
platelets. Some workers argue that the degradation of PI is more important since 
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FIGURE 1. Schematic representation of the two major path
ways proposed for arachidonic acid liberation in platelets. 

PI contains almost exclusively arachidonic acid at the 2-position and the presence 
of phospholipase C and diglyceride lipases can readily be demonstrated in disrupted 
platelets. By contrast, studies of phospholipase A2 in platelet membranes have so 
far only resulted in the detection of rather insubstantial amounts of activity. Fur
thermore, radiolabeled PI decreases more rapidly than radiolabeled PC when plate
lets prelabeled with radioactive arachidonate are treated with thrombin. On the other 
hand, some investigators argue that the amounts of PI in platelets are too small to 
provide enough of the arachidonic acid required for thromboxane formation and, 
besides, much of the diacylglycerol that is produced by the action of phospholipase 
C will be phosphorylated by diacylglycerol kinase to phosphatidic acid (PA) rather 
than being hydrolyzed by lipases. Other evidence in favor of the phospholipase A2 
pathway is the fact that increases in LPC and LPE have been detected in platefets 
within 10 sec of the addition of thrombin (McKean et al., 1981; Broekman et at., 
1980). 

One of the difficulties encountered in comparing the relative importance of PI 
and PC in providing arachidonic acid for thromboxane formation using platelets 
prelabeled with radioactive arachidonic acid is that PI has a much higher specific 
activity than PC. Thus, a decrease of 100 d.p.m. in PC is associated with the 
release of a much greater mass of arachidonic acid than a decrease of 100 d.p.m. 
of PI. Broekman et al. (1981) attempted to overcome this problem by studying the 
changes in endogenous phospholipids by phosphorous assay. They found that throm
bin addition to platelets was followed by rapid alterations in the amounts of en
dogenous PI and PA and that the decrease in PI was not precisely reciprocated by 
an increase in PA. They postulated that this apparent discrepancy could represent 
the removal of diacylglycerol by diglyceride lipase. 

Although a phosphorus assay enables the quantitative determination of de
creases in the amounts of phospholipids, it does not permit the measurement of 
increases in the amounts of diacylglycerol and arachidonic acid. In the present 
work, we have compared decreases in PI, PI-4'-phosphate (PI-P), and PI-4' ,5"
diphosphate (PI-P2) with increases in PA, diacylglycerol, and arachidonic acid by 
measurement of their masses by gas chromatography-flame ionization detection of 
constituent fatty acids. 
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2. METHODS 

A flow chart of the methods used in these studies is shown in Fig. 2. Human 
blood was obtained from healthy volunteers who had not taken any drug during 
the previous week. The blood was anticoagulated with acid-citrate-dextrose (ACD), 
and platelet-rich plasma was prepared by centrifugation at 180 g for 15 min at room 
temperature. The pH was adjusted to 6.5 with ACD, and a platelet pellet prepared 
by centrifugation at 1500 g for 15 min at room temperature. The pellet was resus
pended in 0.1 volume of autologous plasma and subjected to gel filtration on a 
column of Sepharose 2B using a Tyrode's buffer without phosphate and containing 
0.25% bovine serum albumin and 5 mM glucose. In some control experiments, not 
described here, the platelets were prelabeled with [3Hjarachidonic acid and 
e2Pjorthophosphate to determine the migration of radioactive compounds in the 
solvent systems described below. 

The gel-filtered platelets (l x 109 cells/ml) were warmed at 37°C for 3 min 
and either extracted directly or stimulated with 5 V/ml thrombin for times up to 1 
min without stirring. In some experiments the cells were preincubated with 36 ~M 
BW755C before thrombin addition to block cyclooxygenase and lipoxygenase ac
tivities. For lipid extraction, sodium EDTA was added (20 mM final concentration) 
plus 3.75 volumes of ice-cold chloroform/methanol, 1 : 2 (by volume). The extract 
was partitioned into two phases by addition of 1.25 volumes of chloroform and 
1.25 volumes of 2.4 N hydrochloric acid. The lower phase was removed, and the 
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FIGURE 2. Methods used to study platelet phosphatidylinositol metabolism in the present study. 
For description see text. 
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upper phase was washed with 2.5 volumes of chloroform. The pooled organic 
extracts were evaporated under Nz at 37°C and then stored in chloroform/methanol 
at - 18°C. All of the organic solvents contained butylated hydroxy toluene (50 
j.Lg/ml) as an antioxidant. 

Individual lipids were isolated by thin-layer chromatography using one of the 
following solvent systems: (1) chloroform/methanol/acetic acid/water, 81110/45/1 
by volume, for the resolution of PI; (2) chloroform/methano1l4 N ammonia, 9/7/2 
by volume, for the resolution of PI-P and PI-Pz; (3) the upper phase of ethyl 
acetate/isooctane/acetic acid/water, 90/50/20/100 by volume, for PA; and (4) chlo
roform/methanollhydrochloric acid, 87/13/0.5 by volume, for diacylglycerol and 
arachidonic acid. After development, the acids contained in the solvents were 
neutralized by exposure to ammonia vapor. The resolved compounds were detected 
using a primulin spray. 

Except for the case of arachidonic acid, the silica gel scrapings were reacted 
for 15 min with 2 N sodium methoxide at 50°C in the presence of 5 j.Lg of methyl 
heptadecanoate as an internal standard. In the case of arachidonic acid, methylation 
was performed with sulfuric acid in methanol at 80°C for 12 hr, and heptadecanoic 
acid was used as the internal standard. After neutralization, the methyl esters were 
extracted into hexane, taken to dryness under Nz, and redissolved in 50 j.Ll of carbon 
disulfide. 

Gas-liquid chromatography was performed in a Hewlett-Packard chromato
graph model 5730A fitted with 6-foot by 1I8-inch glass columns containing 10% 
SP-2330 on 100/200 Chromosorb W AW (Supelco, BellafoI'lte, PA). The chro
matograph was operated in a differential mode with a termperature gradient as 
follows: 2 min at 170°C, increasing 4°C/min to 220°C, and holding for 8 min. 
Injection and flame ionization ports were at 250°C. The carrier gas was nitrogen 
(20 ml/min). Quantitation of the different fatty acid methyl esters was performed 
with an automatic integrator (Hewlett-Packard, model 3390A). 

3. RESULTS 

The averaged data of four experiments indicated that the mass of platelet PI 
was 17 nmol/109 cells and consisted almost entirely (86.6%) of a species containing 
both stearic and arachidonic acids. On addition of thrombin, a decrease in the mass 
of PI was detected at 5 sec and continued during the minute of observation. The 
decrease in the mass of PI during this time was accounted for by the loss of equimolar 
amounts of stearic and arachidonic acids and accounted for about 7 nmoll109 cells. 

We also observed that platelets contain small amounts of both PI-P and PI
Pz, amounting to 3.0 and 1.0 nmol/l09 cells, respectively. These lipids also were 
enriched in stearic and arachidonic acids (76.9% of PI-P and 85.4% of PI-Pz 
contained both arachidonic and stearic acids), and both lipids decreased in mass 5 
sec after thrombin addition. However, the decrease in mass of PI-P was only 0.4 
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nmol/109 platelets, and although there was a similar decrease in PI-Pz at 5 sec, the 
mass of this lipid actually increased by 0.4 nmol/109 cells at 1 min. 

There was a dramatic increase in the amount of diacylglycerol present in 
platelets that peaked at 5 sec after the addition of thrombin. Unstimulated platelets 
contained 0.3 nmol/109 cells, whereas stimulated platelets contained 1.2 nmol/109 

cells at 5 sec. The increase was attributable to the appearance of stearoyl, arachi
dolyglycerol that was undetectable prior to stimulation. By 1 min the diacylglycerol 
level had declined to 0.6 nmol/109 cells. 

Phosphatidic acid increased progressively from a basal level of about 1 nrnoV109 

cells to about 4 nmol/109 cell at 1 min. This was mainly a result of the accumulation 
of the stearoyl, arachidonyl species of phosphatidic acid. 

Thus, overall, the changes in PI-P and PI-P2 are small, and the major changes 
observed are a decrease in PI and increases in PA and diacylglycerol. Moreover, 
the decrease in PI is not exactly compensated for by the latter increases, indicating 
that as much as 60% of the decrease in PI could occur by its being converted into 
arachidonic acid by the phospholipase C-diglyceride lipase pathway. 

To examine the contribution of the above pathway to the total amount of 
arachidonic acid that is made available during thrombin stimulation of platelets, 
we pretreated platelets with BW755C and then incubated them for 1 min at 37°C 
with either saline or thrombin (5 U/ml). Figure 3 shows the GLC-flame ionization 
detector profiles of the free fatty acids present in these cells. The peak at 4.88 min 
is the heptadecanoic acid added as an internal standard to enable the calculation of 
mass. The major difference between the saline- and thrombin-treated platelets is 
the appearance of a large peak corresponding to arachidonic acid (20 nmol/109 

cells) at 11. 72 min. There also are small increases (of the order of 2 to 4 nmoV109 

cells) in palmitic (16:0), stearic (18:0), and oleic (18: 1) acids at 1 min after thrombin 
stimulation. 

Table I shows the results of a typical experiment, performed in triplicate, in 
which the decrease in PI was measured in the same samples in which increases in 
diacylglycerol, PA, and arachidonic acid were determined. There was a decrease 
of 6.35 nmol/109 platelets of PI, and this was compensated for only by an increase 
of 2.5 nmol in diacylglycerol and phosphatidic acid combined. Thus, 3.85 nmol/109 

platelets of the decrease in PI is unexplained and could provide arachidonic acid 
for thromboxane formation. On the other hand, 20-30 nmol/109 platelets of arach
idonic acid became available 1 min after thrombin stimulation. Thus, at best, 19% 
of the arachidonic acid was made available by the decrease in PI. 

4. DISCUSSION 

Our results confinn and extend the observations of Broekman et aZ. (1981) 
that the decrease in PI is not precisely reciprocated by an increase in PA when 
thrombin is the stimulus. We show here that the decrease in PI is not compensated 
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FIGURE 3. Thrombin-induced increase in free arachidonic acid in BW755C-treated platelets. 
Shown are representative recordings of fatty acid methyl esters obtained from saline- or throm
bin-treated platelets analyzed by GLC with flame ionization detection. 

fully even when the increases in both diacylglycerol and PA are taken into account. 
This apparent discrepancy could be explained by removal of diacylglycerol by 
diglyceride lipases or, alternatively, by the action of phospholipase A2 on PI, thereby 
providing arachidonic acid for thromboxane formation. By making quantitative 
measurements of the decrease in PI at the same time as the increase in arachidonic 

TABLE I. Decreases in PI and Increases in 
PA and Diacylglycerol (Recycled) Measured 

in a Single Triplicate Determination 

PI decrease 
Recycled 
Released AA 

Total AA production 

Change 
(nmol/109 platelets) 

6.35 
2.5 
3.8 (12.7-19.0%) 

20-30 (100%) 
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acid, we can conclude that no more than 20% of the arachidonic acid is derived 
from PI. The remainder is presumably derived from phosphatidylcholine and/or 
phosphatidylethanolamine by the action of phospholipase A2 • 
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1. CONTROL OF ARACHIDONIC ACID PRODUCTION 

21 

It is well established that the synthesis of prostaglandins and leukotrienes is 
dependent on the availability of free arachidonic acid, which is normally found 
esterified in the sn-2 position of phospholipids. The controlling step of this pro
duction has been suggested to be at the level of arachidonic acid release from 
membrane phospholipids. A likely mechanism for this control is the activation of 
a phospholipase, probably one localized in the membranes of cells. The phospho
lipases comprise a widespread and abundant class of enzymes in biological systems 
(Dennis, 1983). They are defined by their positional specificity on the phospholipid 
backbone, as shown in Fig. l. Many phospholipases have been suggested as possible 
modulators of arachidonic acid release. Figure 2 summarizes the various possible 
routes by which arachidonic acid can be released. The numerous enzyme sequences 
that lead to arachidonic acid release begin with one of three enzymes: phospholipase 
AI, phospholipase A 2 , or phospholipase C. The phospholipase A2 route would be 
the simplest and most direct source of arachidonic acid. The second route would 
begin with a phospholipase AI followed by a lysophospholipase. The last begins 
with a phospholipase C followed by any number of other enzymes. A number of 
these enzymatic systems have been detected in a variety of circulating cell types 
including the platelet, polymorphonuclear leukocyte, and macrophage (Bell et al., 
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FiGURE 1. Site of action ofthe phospholipases. 
R1 and R2 refer to the fatty acids on the sn-1 
and sn-2 positions of the stereospecifically num
bered phospholipid, and X refers to the polar 
group-the most common are choline, ethanol
amine, serine, inositol, and glycerol. (Repro
duced with permission from Dennis, 1983.) 

1979; Billah et at., 1981; Kroner et at., 1982; Lanni and Franson, 1981; Wightman 
et at., 198Ia,b, 1982). 

Which of these pathways is responsible for the control of arachidonic acid 
production? Answering this question has proven far more difficult than simply 
determining the presence or absence of the various enzymes in a given cell type, 
for almost all of the enzymes shown in Fig. 2 have been found in each of the cell 
types mentioned. Because of this multiplicity of phospholipases, identifying the 
controlling enzymes becomes a problem of determining the relative levels of the 
various enzymes or enzyme systems in vivo in stimulated cells, a decidedly difficult 
task. This problem is compounded by the presence of other enzymes of lipid 
metabolism, e.g., lysophospholipases, lipases, acyltransferases, kinases. These en
zymes not only modulate the levels of all phospholipid pools in vivo but also 
complicate experimental design and interpretation. The latter is especially true for 
the effects of lysophospholipase on in vitro assays. 

In an attempt to overcome these obstacles, we are attempting to separate, 

FIGURE 2. Possible pathways for arachidonic acid release from the sn-2 position of phospho
lipids including possible nonenzymatic migrations during isolation. 
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purify, and characterize the various phospholipases and lysophospholipases from 
the P388D, murine macrophage cell line. It is our hope that separation of the 
activities will allow the unambiguous determination of the enzyme characteristics 
that would, in turn, open the way to understanding their interactions in vivo. To 
date we have found at least three different phospholipase A activities toward phos
phatidylcholine. We have also found a more active lysophospholipase. We have 
used sucrose density centrifugation to assign these activities to specific subcellular 
compartments. The data are presented here in terms of the general considerations 
necessary for evaluating the phospholipase activities and specificities involved in 
arachidonic acid release in cells. 

2. Macrophage Cell Line Phospholipases 

In order to insure a reproducible and abundant source of macrophage phos
pholipases, we have initiated studies on the P388D, cell line, which has been shown 
to have the usual characteristics of a macrophage (Koren et al., 1975). We have 
developed a subcellular fractionation scheme, as shown in Fig. 3 and discussed in 

r 
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600 PSI, 4', 15 min. 
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11000 x G 
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(LP 1) 
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Crude Homogenate 2 

A 
Low Speed Supernatant 2 Low Speed Pellet 2 
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FIGURE 3. Subcellular fractionation of P388D, macrophages. The cells were nitrogen cavitated 
at 600 p.s.i. following surface labeling with [' 2511WGA. The resultant crude homogenate was 
centrifuged at 1000 x g to produce LS-2 and LP-1. LP-1 was resuspended, N2 cavitated under 
the same conditions, and centrifuged at 1000 x g to produce LS-2 and LP-2. LS-1 and LS-2 
were layered onto linear sucrose density gradients and fractionated by centriguation at 134,000 x g 
for 60 min. 



216 EDWARD A. DENNIS et a/. 

detail elsewhere (M. I. Ross, R. A. Deems, A. J. Jesaitis, E. A. Dennis, and R. 
J. Ulevitch, unpublished data). It is based on nitrogen cavitation to break the cells 
followed by centrifugation at 100 x g. This produces a low-speed pellet (LP-l) 
and a supernatant fraction (LS-l). LP-l was subjected to further nitrogen cavitation 
to produce a supernatant fraction (LS-2). Both LS-l and LS-2 were subjected to 
subcellular fractionation on sucrose gradients. 

LS-l contains a Ca2 + -independent phospholipase that exhibits much less ac
tivity in the presence of Ca2+. LP-l contains a very active Ca2 + -dependent phos
pholipase that exhibits very little activity in the absence of Ca2 +. The Ca2+ de
pendence of the phospholipase in LP-l is absolute, whereas the Ca2 + -independent 
enzyme that predominates in LS-l may be slightly inhibited by high Ca2 + con
centrations. The Ca2+ -dependent phospholipase has a pH optimum of 8.8 and 
appears to be membrane bound. We found that it could be released from the 
1000 x g pellet by further nitrogen cavitation and that the majority of this activity 
then appeared in the low-speed supernatant, which is designated LS-2. The Ca2+ 
dependence of the LS-2 enzyme is similar to that assayed in the LP-I fraction and 
appears to be specific for Ca2 + . For example, Mg2 + will not replace it. The pH-rate 
profiles of LS-I and LS-2 reveal that LS-I contains a Ca2 + -independent pH 7.5 
optimum phospholipase and also contains a pH 4.2 optimum Ca2+ -independent 
enzyme. LS-2, on the other hand, contains a pH 8.8 optimum Ca2 + -dependent 
enzyme and some of the pH 4.2 optimum phospholipase. 

In summary, we have developed a scheme that produces a low-speed super
natant LS-I, which contains the majority of the Ca2+ -independent pH 7.5 enzyme, 
and a low-speed supernatant 2 (LS-2), which contains the majority of the Ca2 +

dependent pH 8.8 optimum enzymes. Both fractions contain the pH 4.2 optimum 
Ca2 + -independent enzyme. Both of these supernatants were subjected to sucrose 
gradient centrifugation in an attempt to determine the subcellular localization of 
these activities. 

Using standard markers, we were able to localize the major subcellular or
ganelles. The majority of the Ca2 + -independent pH 7.5 phospholipase was found 
in the cytoplasmic fraction along with LDH. The pH 4.2 optimum enzyme appears 
to be associated with the lysosomal fraction. The Ca2 + -dependent pH 8.8 enzyme 
is associated with the membrane fraction, most heavily with endoplasmic reticulum 
and mitochondria and perhaps some with the plasma membrane. We are currently 
pursuing the purification of this latter enzyme. 

3. ROLE OF L YSOPHOSPHOLIPASES 

The determination of the specificity of the separated phospholipases is a difficult 
undertaking. The pH 7.5 and pH 8.8 enzymes were identified by the release of free 
fatty acid from specifically labeled phospholipids in the sn-2 position, suggesting 
the presence of phospholipase A2 . However, fatty acid could also be released by 
the combined action of a phospholipase Al and a Iysophospholipase, as shown in 
Fig. 4. Furthermore, we have identified a very active lysophospholipase in the cell 
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FIGURE 4. Products of phospholipases A1 and A2 and phospholipases L1 and L2 (also called 
Iysophospholipase A1 and A2, respectively). Possible nonenzymatic migration between the 1-
acyl and 2-acyl Iysophospholipids is shown. (Reproduced with permission from Dennis, 1983.) 

homogenate, and this lends credence to this possibility. The Iysophospholipase 
enzyme is distributed principally in the 1000 x g supernatant (LS-l). It also appears 
to be soluble after centrifugation at 10,000 x g as well as 130,000 x g, as shown 
in Table I. The Iysophospholipase in LS-l has a broad pH optimum between pH 
6 and pH 9, as shown in Fig. 5. The Iysophospholipase apparently does not require 
metal ion. 

The lysophospholipase in LS-I is 20 to 40 times more active than the Ca2 + -

independent pH 7.5 optimum phospholipase of LS-l and the Ca2 + -dependent pH 

TABLE I. Localization of Lysophospholipase Activity in P388D1 Cells 

Total pellet activitya Total supernatant activity 

I-Lunits!l 09 cells o/cb l-Lunits/109 cells o/c 

Whole homogenate 37,444 100 
1000 x g 14,487 39 24,333 65 
10,000 x g 3,227 9 21,333 57 
134,000 x g 2,667 7 18,500 49 

" A radIOactive assay procedure was employed to determine the Iysophospholipase activity. The assay mixture contained 
50 mM tns buffer at pH 8.0 and 100 fiM l-palmltoyl-sn-glycerol-3-phosphorylcholine (Sigma) containing a sufficient 
quantity of I-palmitoyl [1-14CJ-sn-glycerol-3-phosphorylcholine (Amersham). The total assay ..-olume was 1.0 mI, 
and the assay was carried out at 40'C for 45 to 180 min. The reaction was quenched by the addition of 1.0 ml of 
chlorofonnlmethanol/acetic acid (2/411). An additional 0.5 ml of chloroform was then added to aid in the extraction. 
The sample was then vortexed and centrifuged. The chloroform layer of the resulting two-phase solution was removed, 
dned, resolublllzed in 20 fil of chloroform, and spotted on Brinkmann Sil G-25 thin-layer chromatography plates. 
The plates were run In chlorofonnlmethanollwater (65/25/4). The Iysophospholipid and fatty acid spots were scraped 
into scinhllatlOn vials and counted to determine the amount of Iysophospholipid hydrolyzed. One microunit of activity 
is defined as the amount of protein reqUIred to hydrolyze I pmol of substrate per minute. 

b Percent of activity found in the whole homogenate. 
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FIGURE 5. Rate of Iysophospholipid hydrolysis by Iysophospholipase in LS-1 as a function of 
pH. The buffers used were (0) acetate, (e) imidazole, (0) tris-Hel, and (.) glycine. Assay 
conditions are the same as those employed in the experiment described in Table I. Each assay 
contained 1.0 mg/ml of LS-1 . 

8.8 optimum enzyme of LS-2. This is true both in terms of total activity (Table I) 
and specific activity (Fig. 5). Because of the active lysophospholipase, any lyso
phospholipid product of phospholipase Al or A2 would be rapidly converted to free 
fatty acid and glycerolphosphorylcholine. Thus, the release of [14C]-labeled fatty 
acid at pH 7.5 and 8.8 could result from either a phospholipase A2 or the combined 
action of a phospholipase Al and lysophospholipase. At pH 4.2, the phospholipase 
was identified by the production of lysophospholipids labeled in the palmitic acid 
with very little free [14C]-labeled fatty acid being produced. This is indicative of a 
phospholipase Al as the predominant enzyme at pH 4.2. 

4. CONCLUSION 

We have begun the separation and characterization of the various phospholi
pases that could playa role in arachidonic acid release in the P388D I macrophage 
cell line. To date we have found a very active lysophospholipase that is localized 
in the cytoplasmic fraction with a pH optimum of 7-8. These results are identical 
to our previously reported findings regarding the lysophospholipase activity in 
human amnionic membranes (Dennis et at., 1983; Jarvis et at., 1984). These 
membranes also contain a lysophospholipase that is 20-40 times as active as any 
phospholipase A present and whose activity precludes the determination of the 
specificities of the other phospholipases. 
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We have also found that the P388D 1 cells contain a number of phospholipases: 
a pH 4.2 optimal Ca +2-independent enzyme, which is probably a phospholipase 
Ab a pH 7.5 optimal Ca +2-independent enzyme, and a pH 8.8 Ca2+ -dependent 
enzyme. The specificity of the latter two enzymes could not be determined because 
of the high lysophospholipase activity. Phospholipase specificities are determined 
by the analysis of the catalytic products of hydrolysis of a specifically labeled 
phospholipid. For example, if the phospholipid is labeled in the sn-2 position, a 
phospholipase A I would produce labeled lysophospholipid, whereas a phospholipase 
A2 would produce labeled fatty acid. The presence of a lysophospholipase has the 
potential to convert all of the lysophospholipid to fatty acid, and the assay thus 
loses its ability to distinguish specificities. Phospholipase C activity toward phos
phatidylcholine is negligible under our experimental conditions. Of course, this 
does not preclude the presence of an inositol-specific phospholipase C in the mac
rophage cell line. Further work is in progress to purify and characterize these 
enzymes. 
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1. INTRODUCTION 

Although the biochemistry and pharmacology of the products of arachidonic acid 
(AA) oxidation have been described in detail (Samuelsson et ai., 1975; Moncada 
and Vane, 1978; Samuelsson, 1983), questions remain about the early events leading 
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to the formation of these molecules and particularly the sites within the cell from 
which AA can be initially mobilized. For example, it is widely held that phospho
lipids of cell membranes represent the major source of AA entering the cyclo
oxygenase or lipoxygenase pathways of oxidation. However, alternative routes of 
AA oxidation have been proposed. Thus, rabbits fed diets deficient in essential 
fatty acids exhibited markedly diminished content of PGE), PG~, and PGF2a in 
several different organs despite maintaining stable or even supranormal levels of 
AA and dihomo-,,(-linoleic acid in liver or red blood cell membrane phospholipids 
(Willis et al., 1981). This result suggested that some prostaglandins ("basal pros
taglandins") may be derived from a metabolic pool of precursors distinct from 
cellular membranes, although the localization of this metabolic pool within the cell 
has not been defined (Crawford, 1983). 

In this chapter, we review evidence pointing to a potentially important non
membrane source of AA products, cytoplasmic lipid bodies. Lipid bodies (or "lipid 
droplets") are structures of roughly spherical shape and inconstant size that are 
identifiable in transmission electron micrographs by their shape and variable os
miophilia and also because they lack a limiting membrane (Fawcett, 1981). In 
mature adipocytes, lipid bodies store metabolic energy in the form of triglycerides 
(Fawcett, 1981). However, lipid bodies may also be observed in a wide variety of 
other cell types. Table I presents a list of cells in which lipid bodies have been 
observed by one of us (A.M.D.), either in specimens submitted for diagnostic 
electron microscopy or during the course of research investigations. Although this 
cannot be considered a complete compilation, as it is likely that most if not all 
nucleated cells can exhibit at least a few lipid bodies under certain circumstances 
(Fawcett, 1981), it does illustrate the diversity of normal and neoplastic cells that 
can exhibit these structures in situ. 

Although the factors governing the occurrence, size, and number of lipid bodies 
in cells other than adipocytes remain to be fully defined, lipid bodies can represent 
an early manifestation of cellular injury (e.g., Uchida et al., 1983). They apparently 

TABLE I. Human Cell Types That Can Contain 
Cytoplasmic Lipid Bodiesa 

Mast cellsb•c 

Macrophagesb•c 

Neutrophilsb .c 

Eosinophilsb .c 

Basophilsb •c 

Lymphocytesb.c 

Plasma cellsb 

Plateletsb 

Vascular endothelial cellsb 

Vascular smooth muscle cellsb .c 

Fibroblastsb.c 

Pericytesb 

Gastrointestinal Smooth muscle cellsb 

Cardiac muscle cellsb 

Chondroblastsb 

Hepatocytesb 

Adrenal cortical cellsb 

Ciliated epithelial cells of bronchiolesb 

Absorptive epithelial cells of ileumb 

Many carcinomasb .c 

Many sarcomasb 

Many lymphomasb 

, A partial list based on the personal experience of A.M.D. 
b Observed in material obtained at surgery and immediately fixed for electron microscopy. 
, Observed in cells maintained for variable intervals in vitro before fixation for electron microscopy. 
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may also develop in the absence of toxic stimuli, as judged by their occurrence in 
cells exhibiting no other evidence of injury. For example, neutrophils incubated 
with albumin-bound oleic acid develop lipid bodies but exhibit little or no alteration 
of bactericidal activity, phagocytosis, or chemotaxis (Hawley and Gordon, 1976). 
In addition, lipid bodies commonly occur in vivo in leukocytes and mast cells 
participating in a variety of inflammatory, immunologic, or pathological processes 
(Dvorak et al., 1983a; Dvorak and Monahan, 1984b; Figs. 1,2). Lipid bodies can 
also occur in platelets in vivo (Fig. 3) as well as in a variety of cell types in vitro 
(Hawley and Gordon, 1976; Dvorak et al., 1983b; unpublished data). 

2. COMPOSITION OF LIPID BODIES 

For most cell types, the biochemical content of lipid bodies and their precise 
role in cellular metabolism are unknown. However, in those cases in which they 
have been investigated, lipid bodies appear to represent major repositories of prod-

FIGURE 1. A neutrophil containing many cytoplasmic lipid bodies is shown surrounded by 
erythrocytes in a blood vessel of a patient with Whipple's disease. The neutrophil also contains 
a few Whipple's bacilli (arrow). Scale bar = 1.0 fLm. (Reprinted with permission from Dvorak 
and Monahan, 1984b). 



FIGURE 2. A macrophage in the small intestinal submucosa of a patient with Whipple's disease. 
There are dozens of cytoplasmic lipid bodies, which in this photomicrograph appear very pale. 
The cytoplasm also contains phagolysosomes with bacterial membranes (arrows). Scale bar = 1.0 
ILm. (Reprinted with permission from Dvorak and Monahan, 1984b). 
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FIGURE 3. Two human platelets, one exhibiting a lipid body (arrow) surrounded by electron
dense glycogen. Both platelets contain multiple round a granules. Scale bar = 1.0 j.Lm. 

ucts derived from exogenous [3Hllipid precursors. For example, Dvorak et at. (1980) 
showed by ultrastructural autoradiography that guinea pig peritoneal macrophages 
incorporated [3H]palmitic acid, [3H]methy1choline, or [3H]myoinositol predomi
nantly into cytoplasmic lipid bodies. More recently, we have used a similar approach 
to define the subcellular distribution of [3H]species derived from exogenous eH]AA 
in a variety of leukocytes, mast cells and eosinophils (Dvorak et al., 1983a; Weller 
and Dvorak, 1985). 

Briefly, mast cells and macrophages were dispersed from human lung fragments 
by enzymatic digestion followed by countercurrent centrifugation elutriation and, 
in some cases, centrifugation over discontinuous Percoll gradients. The cells were 
then allowed to incorporate [3H]AA or other [3Hlfatty acids in vitro and were 
examined by electron microscopic autoradiography. The mast cells contained nu
merous lipid bodies that were distributed predominantly in the perinuclear region 
of the cytoplasm amidst large numbers of intermediate filaments. These cells in
corporated substantial amounts of [3H]AA, [3Hlpalmitic acid, or [3Hloleic acid in 
vitro at 37°C in overnight culture, and electron microscopic autoradiographs showed 
that cytoplasmic lipid bodies were much more heavily labeled than any other mast 
cell structure or compartment (Fig. 4). Thus, numerous silver grains appeared over 
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FIGURE 4. Electron microscopic autoradiograph of an unstimulated mast cell purified from 
human lung and incubated with [3Hlarachidonic acid in vitro. The incorporated 3H label is localized 
predominantly to lipid bodies, some of which exhibit many silver grains. By contrast, there is 
little or no labeling of the plasma membrane, the cytoplasmic granules, or the nucleus. Scale 
bar = 1.0 j.Lm. 

lipid bodies as early as 12 hr after exposure to emulsion, and the number of grains 
increased progressively with longer exposure times. In contrast, plasma membranes 
were labeled weakly or not at all, with grains evident only in exposures of 7 days 
or longer. Lipid body labeling was not specific for [3H]AA in that [3H]palmitic 
acid or pH]oleic acid also heav.ly labeled these structures. The intensity of overall 
labeling as judged by autoradiography was [3H]AA == [3H]palmitic acid > [3H]oleic 
acid. Labeling of lipid bodies did not occur if cells were fixed in glutaralde
hyde-paraformaldehyde before exposure to [3H]AA, and only slight labeling was 
observed in cells cultured with [3H]AA in 4°C. These findings paralleled isotope 
incorporation data and suggest that the [3H]AA uptake observed at 37°C under 
standard culture conditions requires cellular metabolic activity. 

Human macrophages also incorporated substantial [3H]AA during overnight 
culture. As in human mast cells, 3H label was concentrated predominatiy in cy-
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toplasmic lipid bodies (Fig. 5) , which were intimately associated with numerous 
intermediate filaments (Fig . 2, top insert). Unlike mast cells, macrophages also 
appeared to incorporate 3H label into the plasma membrane. Although all macro
phages contained heavily labeled lipid bodies, the greatest number of lipid bodies 
generally were observed in macrophages without phagolysosomes. In macrophages 
containing phagolysosomes, lipid bodies were preferentially located adjacent to 
phagosomes and cytoplasmic vacuoles. Some of these lipid bodies appeared to be 
discharging into phagosomes that exhibited autoradiographic grains as well as phag
ocytosed carbon particles . Occasional neutrophils and ciliated respiratory epithelial 
cells (Fig. 6) contaminating these preparations also contained heavily labeled lipid 
bodies. 

FIGURE 5. Electron microscopic auto radiograph of a macrophage purified from human lung 
and then incubated with [3HJAA in vitro. The cell contains numerous extensively labeled non
membrane-bound lipid bodies. Silver grains are also associated with carbon-filled phagosomes 
(arrows). The cell surface is not labeled. Scale bar = 1.0 fLm. Insets show labeled lipid bodies 
at higher magnification. Scale bar = 0.1 fLm. In the top inset, note the intimate relationship of 
the lipid body to intermediate filaments. (Reprinted from Dvorak et al., 1983a, with permission.) 
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FIGURE 6. Electron microscopic autoradiograph of a ciliated respiratory epithelial cell contam
inating a macrophage preparation purified from human lung and incubated with [3H)AA in vitro. 
Four lipid bodies are labeled with silver grains. Scale bar = 0.5 fJ.m. 

We also examined peritoneal macrophages isolated from normal mice, mice 
that had received i.p. thioglycollate, or guinea pigs that had received i.p. mineral 
oil. After 18-hr incubation with [3H]AA or [3H]palmitate in vitro, the cytoplasmic 
lipid bodies of such macrophages contained the bulk of incorporated 3H by auto
radiography (Fig. 7). Like human lung macrophages, these cells also appeared to 
incorporate [3H]fatty acids into the plasma membrane. Nevertheless, the great ma
jority of autoradiographic grains appeared over cytoplasmic lipid bodies, a few of 
which were observed releasing their contents into phagosomes that contained 
pH]species by autoradiography. In addition to macrophages, the peritoneal cell 
preparations included occasional lymphoblasts. The lipid bodies of these cells also 
were intensely labeled with [3H]AA. As with human mast cells, exposure of peri
toneal cells to [3H]AA or other precursors after fixation resulted in no significant 
cellular labeling, even when prolonged (>3 months) exposure times were used. In 
contrast to the pattern of labeling observed with [3H]lipid precursors, incubation of 
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FIGURE 7. Electron microscopic autoradiographs of mouse resident peritoneal macrophages 
(A,B) incubated with [3H]AA in vitro. The cells contain numerous extensively labeled lipid bodies. 
Some label is also associated with the cell surface (A). N, nucleus. Scale bars = 1.0 fJ-m. 
(Reprinted from Dvorak et al., 1983a, with permission.) 

guinea pig macrophages with eH]fucose and eH]glucosamine resulted in labeling 
of lysosomal granules and the cell surface but not of lipid bodies (Dvorak et ai., 
1980). 

Taken together, our autoradiographic findings indicate that a variety of cell 
types containing lipid bodies concentrate PH]lipid precursors, including [3H]AA, 
predominantly into these structures. But what is the evidence that the distribution 
of silver grains observed by ultrastructural autoradiography accurately reflects the 
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distribution of 3H label in the living cells? Two different findings suggest that 
autoradiography provides a valid picture of the localization of the 3H label in vivo. 
First, we determined to what extent amounts of [3H]AA-Iabeled cellular lipids were 
lost or extracted during the chemical fixation and processing required for preparation 
of thin sections and autoradiography. By measuring the radioactivity of all fluids 
used to process glass coverslips with adherent [3H]AA-Iabeled guinea pig peritoneal 
macrophages, we showed that approximately one-half of the incorporated radio
activity withstood fixation and processing and remained associated with the cells 
in Epon embedding plastic (Dvorak et ai., 1983a). Approximately half of the 
radioactivity lost in processing was removed during the osmium postfixation step, 
and only 25% of this 3H was extractable by organic solvents. At least some and 
perhaps most of the remaining reduction in recovered radioactivity probably reflected 
losses of cellular material during the many washes required to process the specimens. 

Second, we examined the distribution of 3H label derived from [3H]AA in 
mouse mast cell lines that contain few or no lipid bodies under usual conditions of 
culture. For these studies, we derived mast cell lines from the bone marrow of a 
normal C57BLi6 mouse or the spleen of a normal BALB/c mouse as previously 
described (Nabel et ai., 1981; Galli et ai., 1982). Similar cell lines have also been 
established in several other laboratories (reviewed in Galli et al., 1984). Although 
the precise relationship of these cells to mast cell populations in vivo remains to 
be established, their properties most closely resemble those of immature mast cells 
and/or T-cell-regulated populations such as the "mucosal mast cells" that proliferate 
in the gut of murine rodents infected with certain intestinal parasites (reviewed in 
Galli et al., 1984; also see Schrader, 1983; Sredni et al., 1983; Razin et at., 1984). 
Unlike the leukocyte and mast cell preparations examined in our earlier autoradi
ographic study, these mast cell lines were dividing populations with doubling times 
of approximately 4-6 days, and, thus, many of the cells were synthesizing new 
cellular membranes during the ~ 18-hr period of incubation with [3H]lipid precur
sors. Both cell lines actively incorporated [3H]AA or [3H]oleic acid in vitro (Figs. 
8, 9). Autoradiography localized 3H label over the cells' cytoplasm, plasma mem
brane, and nuclear membrane; labeling of membrane-rich Golgi regions was par
ticularly intense (Fig. 9B). By contrast, the central regions of the nucleus and 
immature secretory granules exhibited little or no labeling. Because the procedures 
used for [3H]AA labeling, cell fixation, and processing were the same as those 
employed in our studies of human lung mast cells and macrophages, the results 
demonstrate that these techniques can readily detect the 3H labeling of cytoplasmic 
structures other than lipid bodies. 

Although it appears likely that autoradiography accurately identifies the sub
cellular localization of label derived from [3H]AA and other [3H]lipid precursors, 
this approach obviously cannot reveal the species of [3H]products present. However, 
preliminary information about the composition of lipid bodies has been obtained 
by combining autoradiography with biochemical analysis of 3H-Iabeled cells. These 
studies suggest that the [3H]species sequestered in cytoplasmic lipid bodies may 
vary according to cell type. For example, Bligh-Dyer extraction and thin-layer 
chromatography of human lung mast cells labeled with [3H]AA (Peters et al., 1984) 
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FIGURE 8. Electron microscopic autoradiographs of mast cells derived from normal BALB/c 
mouse spleen cells and maintained in vitro in supernatants derived from concanavalin-A-stim
ulated mouse splenocytes (Galli et at., 1982). After incubation with [3HJAA for -18 hr, large 
numbers of silver grains appear over the cytoplasm of the cells, which lack lipid bodies. Scale 
bar = 2.0 fLm. 

revealed that JH was distributed predominantly in neutral lipids (68-80%) with 
smaller amounts in phospholipids (14-27%). By contrast, the [3Hllipids synthesized 
by 95% pure populations of mouse peritoneal macrophages included ~80% phos
pholipids and only 16.5% neutral lipids (Dvorak et at., 1983a). Although these 
results reflect the [JH Ilipid composition of the entire cells, the autoradiographic 
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FIGURE 9. Electron microscopic autoradiograph of cultured mouse mast cells derived from 
normal C57BU6 mouse bone marrow (A) or normal BALB/c spleen cells (B) and maintained as 
previously described (Galli et al., 1982). After labeling with [3H)AA for -18 hr in vitro, label 
appears over cytoplasmic structures, particularly the Golgi area (in B). as well as over plasma 
and nuclear membranes. Scale bars = 1.0 !J.m. 

evidence presented above suggests that lipid bodies accounted for a major portion 
of the [3H]species analyzed. More definitive characterization of the biochemical 
composition of cytoplasmic lipid bodies awaits the purification of these inclusions 
from disrupted cells , work currently in progress. 

3. PATHWAYS 

In addition to defining the biochemical composition of lipid bodies , it will 
be important to characterize the subcellular pathways and biochemical transfor
mations that govern the traffic of AA and other molecules into and out of these 
structures . For example , [3H]fatty acids or their products (Scott et ai .. 1982) 
may enter lipid bodies directly . Alternatively, some traffic of [3H]fatty acids 
into lipid bodies may involve degradation of 3H-Iabeled cellular membranes . By 
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FIGURE 9. (Cant.) 

whatever route they enter lipid bodies, our data indicate that [3H]species derived 
from exogenous ['H1AA can be mobilized from lipid bodies on appropriate 
cellular activation. First, phagocytosis of zymosan by mouse macrophages la
beled with [3HJAA for ~18 hr was associated with a striking approximation of 
lipid bodies to phagolysosomes and the appearance of autoradiographic label 
over phagolysosomes (Fig. 10). Second, mouse macrophages labeled with [3H]AA 
released substantial amounts of [3H]products in association with phagocytosis 
(Table II). By contrast, zymosan induced little or no release of radioactivity 
from macrophages labeled with [3H]palmitic acid (Table II). 

The finding that phagocytosis provokes the release of [3H]AA-derived species 
to a greater extent than metabolites of [3H]palmitic acid is in accord with previous 
work from other laboratories, which has also suggested that lipid metabolites re
leased during macrophage phagocytosis are derived predominantly from AA (Bon
ney et al., 1978; Scott et al., 1980). Although the route of mobilization of [3H]species 



234 STEPHEN J . GALLI et al. 

FIGURE 10. Resident mouse peritoneal macrophage exposed to a pulse of [3H)AA in vitro and 
then allowed to phagocytose zymosan particles. Cells such as these generally contain fewer 
lipid bodies than control cells (Fig. 7), although the lipid bodies present (e.g., arrow) are heavily 
labeled with 3H. Silver grains are also associated with phagosomes and the cell surface. N, 
nucleus. Scale bar = 1.0 j.Lm. (Reprinted from Dvorak et al., 1983a, with permission.) 

from lipid bodies has not been defined, ultrastructural cytochemistry has shown 
that some lipid bodies contain nonspecific esterase (ANAE) and/or peroxidase ac
tivities in a number of different cell types (Cavallo, 1974; Monahan et at., 1981; 
Dvorak et at., 1983b; A. M. Dvorak unpublished data; Figs. 11, 12). The substrate 
specificities of these enzymes have not been fully defined, however, and their roles 
in lipid body metabolism are unknown. 

We also evaluated the behavior of lipid bodies during human lung mast cell 
degranulation (Dvorak et at., 1984). Autoradiograph grain count analysis showed 
that lipid bodies represented the major site of intracellular localization of [3H] 
AA-derived species in control mast cells incubated for -18 hr with PH]AA . 
Indeed, other structures such as the specific cytoplasmic granules, the cytoplasm, 
and the nucleus were not significantly labeled. Stimulation of mast cell degranu
lation by anti-IgE provoked a characteristic sequence of ultrastructural changes 
that resulted in the fusion of cytoplasmic granule membranes with each other to 
form degranulation channels in communication with the extracellular space . 
Degranulation-related ultrastructural alterations affected 77% of the aggregate 
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TABLE II. Incorporation of [3H]Fatty Acids by Mouse Peritoneal Macrophages and 
Release of Radioactivity Associated with Zymosan Phagocytosisa 

Incorporation Release 

Expt. ['H Watty acid Zymosan DPM (X 10-4) Percent DPM (X 10-4) Percent 

['HIAA 
(0.13 fJ,Ci/ml) 14.4 ± 0.6 34.4 ± 0.3 0.7 ± 0.1 4.8 ± 0.4 

+ 12.2 ± 0.4 33.5 ± 0.9 3.7 ± 0.2 30.4 ± 1.2 
['HIPA 4.7 ± 0.6 14.6 ± 0.5 0.5 ± 0.1 10.2 ± 0.6 
(0.13 fJ,Ci/ml) + 5.2 ± 0.7 15.8 ± 0.4 0.4 ± 0.04 8.8 ± 0.7 

2 [3HIAA 1124 ± 150 53.0 ± 7.0 35.6 ± 3 3.2 ± 0.1 
(43.1 fJ,Ci/ml) + 1039 ± 49 49.0 ± 2.2 130.5 ± 5 12.6 ± 0.4 
['HIPA 409 ± 8 33.5 ± 0.5 22 ± 2 5.5 ± 0.5 
(24.4 fJ,Ci/ml) + 229 ± 49 24.0 ± 4.0 23 ± 6 7.6 ± 0.9 
['HIAA 0 0 0 0 
(43. I fJ,Ci/ml 
after fixation) 

" Macrophages from the pentoneal cavIties of mice Injected 3 days prevIously with thioglycollate broth were labeled 
with 11Hlarachldomc acid (l'HJAA) or I'Hlpalmitic acid ([,H]pA) for ~17 hr in medium containing 10% fetal calf 
serum. They were then washed three times in serum-free medium and then incubated for an additional 2 hr In serum
free medIUm wIth or without 'ymosan (25-40 flg/ml). To quantitate fatty acid incorporation or release. 200-fll 
aliquots of culture supernatants or solublhzed adherent cells (0.05% Triton X-IOO with scraping) were added to 4 
ml of Aquas"l for liquid sCintIllatIOn counting. Repnnted from Dvorak et al. (1983a) with permISsion 

volume of cytoplasmic granules within the first 20 min of stimulation. 
These changes were associated with a substantial (-72%) release of histamine, 
a mediator stored in the cytoplasmic granules. 

In contrast to the dramatic changes affecting the specific granules of activated 
mast cells, the alterations involving lipid bodies were more subtle. Lipid bodies 
occurred in intimate proximity to degranulation channels in anti-IgE-stimulated 
cells, but ultrastructural evidence of actual discharge of lipid bodies into these 
structures was rare. Furthermore, stereological analysis showed that the aggregate 
volume of lipid bodies did not change significantly during the 20-min period of 
mast cell activation. Similarly, although a few degranulation channels appeared 
heavily labeled with products derived from [JHJAA, grain count analysis of the 
entire cellular population did not detect significant labeling of these structures. 

Parallel biochemical analysis also suggested that mast cell degranulation may 
have been associated with relatively little net loss of lipid body content. Thus, 
stimulation with anti-IgE provoked the discharge of only a small fraction (mean of 
five experiments 3%, range 2-12%) of total cell-associated lipids (Peters et ai., 
1984; Dvorak et al., 1984). In addition, degranulation had relatively little effect 
on the pattern of mast cell total [JHJlipid content by TLC (Peters et ai., 1984; 
Dvorak et ai., 1984). Because only a small fraction of total cellular [JHJspecies 
was released on mast cell activation, the ultrastructural, autoradiographic, and 
biochemical evidence is consistent with either of two very different possibilities. 
On the one hand, [3H]species released on activation of human lung mast cells may 
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FIGURE 11. A cloned strain 2 guinea pig aortic endothelial cell from a population maintained 
under isologous conditions in vitro (Galli et a/., 1983 contains numerous lipid bodies, which 
exhibit intense nonspecific esterase activity (a-naphthyl acetate substrate). The plasma mem
brane (arrowhead) also exhibits reaction product, and two immature Weibel-Palade bodies 
(arrows) are focally positive. Scale bar = 0.5 /Lm. 

have been largely derived from cytoplasmic lipid bodies, but the relatively small 
fraction of total cellular PH]lipids mobilized precluded the confirmation of this fact 
either by autoradiographic grain count analysis or by stereological analysis of lipid 
body volume. On the other hand, we showed that the processing of [3H]AA-Iabeled 
cells for electron microscopy resulted in the loss of -50% of cell-associated 
radioactivity (Dvorak et ai., 1983a). 

Although we feel it is unlikely, we have not formally excluded the possibility 
that [3H]species in the human mast cell plasma membrane are more susceptible to 
extraction than those sequestered in the cytoplasmic lipid bodies. If this is the case, 
then autoradiographic analysis would have revealed less activity in the plasma 
membrane than was actually present in the living cell. Under these circumstances, 
release of [3H]lipids from the plasma membrane may not have been detected by 
the techniques employed even if this route accounted for all of the [3H]products 
appearing in the supernatant of the stimulated cells. 
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FIGURE 12. Electron micrographs of line 10 guinea pig hepatobiliary carcinoma cells. A: Lipid 
bodies exhibiting nonspecific esterase activity (a-napthyl acetate substrate). B: Autoradiograph 
of a cell labeled in vitro with [JHJAA showing 3H localized predominantly to the lipid bodies. 
Scale bars = 1.0 f.lm . 

4. SUMMARY 

In summary , lipid bodies can develop in the cytoplasm of a wide variety of 
cells in vivo , including mast cells , leukocytes, platelets, endothelial cells, tumor 
cells, and the macrophages and smooth muscle cells in the vascular lesions of 
atherosclerosis (Fowler et ai., 1978; Shio et al. , 1978). Although the development 
of lipid bodies may reflect the influence of multiple factors, our studies suggest 
that when these inclusions are present, they can represent the major repository of 
[3HJmolecules in cells incubated with [3HJAA and other [3HJlipids. Thus, when 
labeled for - 18 hr in vitro, human mast cells, human, guinea pig, and mouse 
macrophages , a variety of other leukocytes, including neutrophils, eosinophils, and 
lymphocytes, and certain tumor cells (Fig . 12) incorporated 3H label derived from 
exogenous [3HJAA predominantly into cytoplasmic lipid bodies. The preferential 
incorporation of [3H JAA into lipid bodies also can occur during short incubation 
periods (1-4 hr) . In addition to entering lipid bodies, current evidence suggests 
that [3HJlipids also may be mobilized from [3HJAA-labeled lipid bodies during the 
activation of certain cells, for example, in mouse macrophages undergoing phago
cytosis . Efforts are now under way to characterize in more detail the lipids and 
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enzymatic activities of lipid bodies and to determine the role of these structures in 
cellular AA metabolism. 
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Differences between the Effects 
of f-Met-Leu-Phe and Leukotriene 
84 on Phosphoinositide Turnover 
and Their Relationship to Calcium 
Mobilization and Protein Kinase C 
Activation 

RAMADAN I. SHA'AFI, MARIO VOLPI, and 
PAUL H. NACCACHE 

1. INTRODUCTION 

It is generally accepted that the mobilization and metabolism of arachidonic 
acid are involved in the activation and/or modulation of the neutrophil's responses 
and that the major biological activities of arachidonic acid are mediated by the 
ability of leukotriene B4 to alter calcium homeostasis (for a review and original 
citations, see Bach, 1983). This conclusion is based on various experimental results. 
First, the biological activities of exogenously added arachidonic acid and some of 
its metabolites have been demonstrated. Second, the activation of the neutrophils 
by chemotactic factors can be modulated by certain lipase and lipoxygenase inhib
itors. Third, chemotactic factors cause the release of arachidonic acid previously 
incorporated in phospholipids and stimulate its subsequent metabolism including 
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the generation of leukotriene B4. Fourth, the exogenous addition of leukotriene B4 
to neutrophils increases the intracellular concentration of free calcium, with char
acteristics similar to those of its biological activities. This increase occurs through 
the release of calcium from internal stores, by displacement of previously bound 
calcium from membranous and other sites, and from the extracellular medium 
through an increase in the plasma membrane permeability to calcium. 

Though a great deal has been learned about the interrelationships among leu
kotriene B4 , calcium mobilization, and neutrophil activation during the past few 
years, several important problems remained to be studied. For example, what are 
the similarities and differences between the biochemical and biophysical events that 
are elicited by leukotriene B4 and f-Met-Leu-Phe in the neutrophils, and do these 
two stimuli use the same signal to release calcium? Leukotriene B4 , like f-Met
Leu-Phe, mobilizes cell calcium and causes an increase in the association of actin 
with the cytoskeleton (Yassin et at., 1984) and thus is a potent chemotactic agent. 
On the other hand, it is unlike f-Met-Leu-Phe in that the addition of leukotriene 
B4 does not induce a significant metabolic burst (Palmblad et at., 1981). In addition, 
as judged by the extent and the slope of the degranulation dose-response curves, 
leukotriene B4 is a less potent secretagogue than f-Met-Leu-Phe. With regard to 
the signal responsible for calcium mobilization, the most commonly accepted hy
pothesis is that occupancy of receptors by soluble stimuli activates phospholipase 
C, which results in the generation, among other things, of inositol-l,4, 5-tris
phosphate (IP3) from the breakdown of phosphatidylinositol-4,5-bisphosphate (TPI), 
and that calcium is released as the result of both the breakdown of TPI and the 
action of the generated IP3 (Michell and Kirk, 1982; Streb et at., 1983). 

The present studies were undertaken to investigate the similarities and differ
ences in the biochemical events inititated by f-Met-Leu-Phe and leukotriene B4 and 
to examine the mechanism by which leukotriene B4 mobilizes calcium. The results 
to be reported demonstrate that, unlike f-Met-Leu-Phe, leukotriene B4 mobilizes 
calcium without causing a breakdown of TPI or generating phosphatidic acid or 
1,2-diacylglycerol. These results strongly suggest that the stimulation of at least 
some of the neutrophil responses elicited by leukotriene B4 proceeds without the 
activation of the phospholipase C pathway. 

2. MOBILIZATION OF CALCIUM BY f-MET-LEU-PHE AND 
LEUKOTRIENE B4 AND ITS RELATIONSHIP TO 
PHOSPHOINOSITIDE METABOLISM 

The addition of leukotriene B4 and f-Met-Leu-Phe to neutrophils causes a rise 
in the intracellular concentration of free calcium as measured by the fluorescent 
probe quin-2 (Fig. 1). The calcium reponse is rapid, reaching maximum value 
within 20 sec, and dose dependent. The EDso of the quin-2 responses to leukotriene 
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FIGURE 1. The effects of the addition of f-Met-Leu-Phe (A, 10-9 M) and leukotriene B4 (B, 
7.2 x 1Q4l M) on the fluorescence of quin-2-loaded rabbit neutrophils. The cells were loaded 
with quin-2 as described previously (White et a/., 1983), and the fluorescence signal of the 
calcium-sensitive probe quin-2 was monitored using an SLM (Model 8000) fluorescence spec
trophotometer (White et a/., 1983). The arrows indicate the time at which the stimulus was 
added. Note that the addition of either f-Met-Leu-Phe (A) or leukotriene B4 (B) increases the 
signal, indicating an increase in the intracellular concentration of free calcium. The two stimuli 
appear to release the same pool(s) of calcium, and this pool is able to recover. 

B4 and f-Met-Leu-Phe are 1.2 x 10-10 M and 2 x 10-10 M, respectively. The two 
stimuli appear to release the same pool(s) of calcium. 

It has been hypothesized that the initial lipolytic response to stimulation does 
not require a rise above basal intracellular free calcium concentration and that the 
breakdown of TPI, and therefore the generation of IP3, is directly receptor linked 
and ultimately responsible in tum for the mobilization of calcium necessary for cell 
activation. In order to examine the relationship between calcium mobilization and 
phosphoinositide metabolism, we have measured the effect of f-Met-Leu-Phe and 
leukotriene B4 on the levels of phosphatidylinositol-4,5-bisphosphate (TPI) and 
phosphatidylinositol 4-monophosphate (DPI). The results are summarized in Fig. 
2. Note that whereas f-Met-Leu-Phe causes a rapid breakdown of TPI and DPI, 
leukotriene B4 has no significant effect on the turnover of these two phosphoino
sitides. The same results were obtained in cells that had been labeled with 
[3H]arachidonic acid instead of 32p (data not shown). 
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FIGURE 2. Time course of 32p radioactivity changes in phosphatidylinositol-4,5-bisphosphate, 
TPI (e), and phosphatidylinositol-4-monophosphate, DPI (L), following the addition of f-Met
Leu-Phe (1o-a M) and leukotriene 84 (7 x 1o-a M). The cells were labelled with 32p radioactivity 
for 1 hr as described previously (Volpi et a/., 1983). At the end of the incubation period, the 
cells were pelleted by centrifugation, and the supernatant was removed by suction. The cells 
were then resuspended in Hanks' balanced salt solution (108 cells/ml). Samples of 1 ml each 
(108 cells) of 32P-prelabeled neutrophils were reacted with the stimuli for a preset time, and the 
reaction was then stopped by the addition of 5 ml of hexane/isopropanol/concentrated HCI to 
give a final concentration of 0.1 M (300 : 200: 4 v/v). The extracted lipids of each sample were 
dissolved in 100 ""I of hexane/isopropanol (3 : 2), and 10 ""I was used for spotting on precoated 
TLC plates, silica gel. The plates were developed in one dimension in chloroform/methanoI/20% 
methylamine (60 : 36: 10 v/v). 

The ability of leukotriene B4 to mobilize calcium in the absence of a breakdown 
of TPI, and thus of the generation of IP3 , suggests anyone of three possibilities. 
First, leukotriene B4 could mobilize calcium by acting as a calcium ionophore. This 
view is supported by the finding that it is able, albeit at high concentrations, to 
transport calcium in model systems (Serhan et al., 1982). In spite of this evidence, 
it is unlikely that at physiological concentrations it acts as an ionophore. This 
conclusion is based on many experimental observations (for review and original 
citations, see Feinstein and Sha'afi, 1983; Sha'afi and Naccache, 1984). For ex
ample, leukotriene B4 is extremely potent, and its effect is cell specific and is 
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sensitive to relatively minor stereochemical modifications. In addition, neutrophils 
become deactivated after exposure to leukotriene B4 or to f-Met-Leu-Phe, and 
specific binding sites for leukotriene B4 have been demonstrated. Second, leuko
triene B4 could mobilize calcium by the same mechanism as IP3 by utilizing common 
"receptors." This is unlikely since leukotriene B4 is cell specific whereas IP3 is not. 
Third, leukotriene B4 could mobilize calcium by yet another unknown mechanism, 
possibly through the "G proteins" system. The "G proteins," previously described 
in the regulation of the catalytic unit of the adenylate cyclase (Gilman et at., 1984), 
probably represent branch points for the transduction of information across the 
plasma membrane. A "G protein" system has been recently identified in the plasma 
membrane of human neutrophils (Lad et at., 1984). In addition, leukotriene B4 is 
known to increase rapidly the intracellular concentration of cAMP (Claesson, 1982), 
an effect potentially mediated through the activation of the "G proteins." 

3. EFFECTS OF LEUKOTRIENE 84 AND f-MET-LEU-PHE ON 
THE PRODUCTION OF 1 ,2-DIACYLGL YCEROL AND THE 
RELEASE OF ARACHIDONIC ACID 

The breakdown of phosphoinositides by phospholipase C generates 1,2-dia
cylglycerol (1,2-DG) in addition to IP3 . Although IP3 may be related to calcium 
release, 1,2-DG is closely involved in the activation of protein kinase C, which 
can also be activated by the addition of calcium and phosphatidylserine (Kishimoto 
et at., 1983). Recently, it has been found that direct activation of protein kinase 
C by phorbol-12-myristate-13-acetate (PMA) causes significant neutrophil aggre
gation, induces slow lysosomal enzyme release, and increases the oxygen con
sumption and cytoskeletal actin, all without a detectable rise in the intracellular 
free calcium concentration (Sha'afi et at., 1983). Based on these and other studies, 
it has been hypothesized that activation of the protein kinase C system is closely 
related to lysosomal enzyme release in neutrophils (Sha'afi et at., 1983; White et 
at., 1984). In order to examine this hypothesis further, we have investigated the 
effect of f-Met-Leu-Phe and leukotriene B4 on the production of 1,2-diacylglycerol, 
and the results are summarized in Table I. Note that whereas the addition of f-Met
Leu-Phe produces an increase in the generation of 1,2-DG, that of leukotriene B4, 
on the other hand, causes no significant change in 1 ,2-DG. In the case of leukotriene 
B4, longer times of incubation and different concentrations of the stimulus were 
also used, and the results were the same (data not shown). The inability of leu
kotriene B4 to generate 1,2-DG is consistent with its lack of effect on a TPI 
breakdown. The ability of leukotriene B4 to increase the intracellular concentration 
of free calcium without generating significant amounts of 1,2-00 strongly suggests 
that it activates the protein kinase C system to a much smaller extent than f-Met
Leu-Phe. This may also explain some of the differences outlined earlier between 
the characteristics of the secretory activities of leukotriene B4 and f-Met-Leu-Phe. 

The effects of these two stimuli on the release of arachidonate from 
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TABLE I. Effects of the Addition of f-Met-Leu-Phe and Leukotriene B4 on the 
Production of 1 ,2-Diacylglycerol and the Release of Arachidonic Acid 

Stimulus 

f-Met-Leu-Phe (2 x IO-S M) 
Leukotriene B4 (7 x IO-S M) 

1,2-DiacylglycerolO 

1.25 ± 0.05 (6) 
0.97 ± 0.02 (8) 

Arachidonic acidb 

1.6 ± 0.1 (4) 
1.10 ± 0.03 (4) 

a The cells were labeled with [3HJarachidonic acid, and the lipids were extracted, spotted, and developed as described 
in Fig. 2. A known amount of 1,2-diacylglycerol was spotted along with the radioactive lipids in each lane, and the 
positions of the various spots were identified by iodine vapor. The amount of 1,2-diacylglycerol produced was 
measured 30 sec after the addition of the stimulus, and the results are expressed relative to control. The values 
represent the mean ± standard error of the mean, and the number in parentheses refers to the number of different 
experiments. The change in 1,2-diacylglycerol produced by f-Met-Leu-Phe is statistically significant (P < 0.02 using 
paired sample t-test). 

b The amount of arachidonate released was measured 60 sec after the addition of the stimulus. The results are expressed 
relative to control, and the values represent the mean ± standard error of the mean. 

pH]arachidonic-acid-labeled rabbit neutrophils were also investigated, and the re
sults are included in Table I. Whereas leukotriene B4 releases a small but statistically 
significant amount of arachidonic acid, f-Met-Leu-Phe produces a much larger 
increase. The change in arachidonate release induced by f-Met-Leu-Phe but not 
that by leukotriene B4 continues to increase with time. The leukotriene B4-induced 
release of arachidonic acid is most likely mediated through the action of phospho
lipase Az, which has been shown to be stimulated by leukotriene B4 (Bormann et 
al., 1984). 

4. RELATIONSHIP BETWEEN CALCIUM MOBILIZATION AND 
THE GENERATION OF PHOSPHATIDIC ACID PRODUCED BY 
LEUKOTRIENE B4 AND f-MET-LEU-PHE 

It has been proposed that phosphatidic acid, formed by the phosphorylation 
of diacylglycerol, may assist in mobilizing calcium in neutrophils in view of its 
ionophoretic properties (Serhan et al., 1982). The latter results have, however, 
been challenged by Holmes and Yoss (1983), and the controversy has yet to be 
resolved. In order to get a better understanding of this problem, we have investigated 
the effects of various concentrations of f-Met-Leu-Phe and leukotriene B4 on the 
levels of both the intracellular free calcium and phosphatidic acid. In these exper
iments, the concentration of free calcium was measured using the calcium-sensitive 
fluorescent probe quin-2, and the level of phosphatidic acid was measured 20 sec 
after the addition of the stimulus. This time was chosen since it represents the time 
at which the quin-2 signal is maximal. The results of these studies are summarized 
in Figs. 3 and 4. The data in Fig. 3 clearly show that the addition of f-Met-Leu
Phe to rabbit neutrophils causes the generation of a significant amount of phos
phatidic acid. The amount of phosphatidic acid production increases with the time 
of incubation of the cells with f-Met-Leu-Phe (Volpi et al., 1983). In addition, a 
significant and time-dependent increase in lysophosphatidic acid was observed fol-
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FIGURE 3. Dose-response curve of the effect of f-Met-Leu-Phe on phosphatidic acid production 
and calcium mobilization as measured by the fluorescence of quin-2. The experimental pro
cedures are the same as those in Fig. 2 except that the reaction was stopped 20 sec following 
the addition of the stimuli. 
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lowing stimulation by f-Met-Leu-Phe (data not shown). The means (± standard 
error) of the EDso values for calcium mobilization are 1.2 ± 0.5 x 10-10 M for 
leukotriene B4 and 2.0 ± 0.2 x 10- 10 M for f-Met-Leu-Phe. Note that, consistent 
with the early results, little if any phosphatidic acid can be recovered from the 
leukotriene B4 -stimulated cells. On the other hand, although the incubation of the 
cells with f-Met-Leu-Phe for 20 sec generates significant amounts of phosphatidic 
acid, the dose-response curve is shifted to the right relative to that for calcium 
mobilization. On the basis of these results, it is unlikely that calcium mobilization 
by leukotriene B4 or even by f-Met-Leu-Phe is mediated through the action of 
phosphatidic acid. 

5. COMPARISON BETWEEN THE EFFECTS OF LEUKOTRIENE 
B4 AND f-MET-LEU-PHE 

Despite a great deal of similarities, significant quantitative, as well as quali
tative differences between the actions of f-Met-Leu-Phe and leukotriene B4 do exist. 
These differences are very important since, in addition to explaining the action of 
leukotriene B4 , they also may provide some insight into the biochemical and bio
physical events that are needed to elicit the various neutrophil responses. A summary 
of the main similarities and differences in neutrophil responses and biochemical 
changes produced by leukotriene B4 and f-Met-Leu-Phe is given in Table II. 

TABLE II. Comparison of Neutrophil Responses and Biochemical Changes 
Produced by f-Met-Leu-Phe and Leukotriene B4 

Response 

Chemotaxis 
Aggregation 
Degranulation 
Oxygen consumption 
Calcium mobilization 
TPI and DP[ breakdown 
Generation of 1,2-diacylglycerol 
Generation of phosphatidic acid 
Release of arachidonate 
Activation of Na + ,K + -ATPase 
Activation of phospholipase A2 
Increased cAMP 
Increased cytoskeletal actin 
Phosphorylation by protein kinase C of a SO K protein 
Increased Na + influx' 

f-Met-Leu-Phe 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

'The action of leukotnene B, IS SIgnIficantly weaker than that of f·Met·Leu-Phe. 
h The change IS small but significant. 
, This increase IS Inhibited by amilonde. 

Leukotriene B4 

Yes 
Yes(J 

Yeso 

No 
Yes 
No 
No 
No 
Yesb 

Yes 
Yes 
Yes 
Ys:s 

Yes 
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6. SUMMARY 

Several important conclusions can be drawn from these studies. First, leu
kotriene B4 causes the release of calcium without stimulating the breakdown of TPI 
or the generation of IP3 . The mechanism by which it does so is not known but may 
involve the action of "G proteins." Second, calcium mobilization by f-Met-Leu
Phe and leukotriene B4 cannot be mediated by phosphatidic acid. Third, arachidonic 
acid release by leukotriene B4 is secondary to the action of phospholipase A2 , 

whereas that released by f-Met-Leu-Phe is probably a result of the action of both 
phospholipase A2 and phospholipase C. Fourth, because leukotriene B4 mobilizes 
calcium but does not generate 1 ,2-diacylglycerol, it should be expected to activate 
the protein kinase C system to a much lesser extent than f-Met-Leu-Phe. Fifth, the 
findings that significant amounts of lysophosphatidic acid and arachidonic acid are 
produced following stimulation by f-Met-Leu-Phe suggest that part of the arachi
donate released comes from phosphatidic acid, possibly through the action of a 
phosphatidic-acid-specific phospholipase A2 . 
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Prostaglandylinositol Cyclic 
Phosphate 
An Antagonist to Cyclic AMP 

HEINRICH KARL WASNER 

1. INTRODUCTION 

24 

About 10 years ago studies were started in Earl Sutherland's laboratory in search 
of a regulatory molecule with the ability to switch off the functions initiated by 
cAMP. I should like to dedicate this chapter to his memory. He would have been 
70 years old in 1985. 

I describe here an intracellular regulator, cyclic PIP, which I had tentatively 
named cAMP antagonist (Wasner, 1975b) since it fulfills these requirements. In 
recent years several putative second messengers for insulin have been reported 
(Lamer, 1979; J arett, 1979; Seals, 1980) with properties similar to cyclic PIP. They 
are considered to be peptides and thus are clearly distinct from cyclic PIP, which 
is not a peptide and appears to be a more potent regulator. The finding that pros
taglandin E plays a role in cyclic PIP synthesis (Wasner, 1975a, 1981) was confirmed 
recently (Begum, 1983). This chapter describes the present concept of the structure 
of cyclic PIP. 

2. ISOLATION AND ASSAY OF CYCLIC PIP 

A small molecule has been reported (Wasner, 1975, 1981) that can be extracted 
from hepatocytes shortly after a-adrenergic stimulation. In the presence of epine
phrine there is a rapid increase of cyclic PIP, reaching a maximum after 3-5 min 
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and declining thereafter to reach base levels after 15 min. In contrast, cyclic PIP 
is almost undetectable in the absence of hormone. Figure lA shows the assay to 
measure cyclic PIP (Wasner, 1975b). The cAMP-dependent protein kinase is in
hibited in a dose-dependent manner. This inhibition is noncompetitive with respect 
to cAMP and A TP, and the separated catalytic subunit is equally inhibited. One 
unit of cyclic PIP is defined as the amount that inhibits the protein kinase by 50% 
in an assay volume of 0.1 m!. Cyclic PIP also stimulates the phosphoprotein 
phosphatase, the enzyme counterregulating the protein kinase. Figure I B shows 
that cyclic PIP stimulates this enzyme sevenfold in a similar dose-dependent manner. 

3. PURIFICATION OF CYCLIC PIP 

Figure 2A shows the initial purification step, gel filtration on Sephadex G-15. 
Peaks A, B, and C represent ATP, AMP, and cAMP, respectively. Cyclic PIP 
(peak I) is eluted close to A TP, suggesting a molecular weight in the range of 
500-600. The shoulder at the ascending part of peak I can be attributed to a 
hydrolysis product of cyclic PIP. On rechromatography of cyclic PIP (peak I), this 
degradation material can be detected again, and its proportion increases with time 
after isolation of cyclic PIP. 

As is seen in Fig. 2B, on anion-exchange chromatography cyclic PIP is eluted 
as a sharp peak following the elution of carboxylic acids, which peak in fraction 
20-21. It elutes just ahead of cAMP, indicating a similar negative charge for cyclic 
PIP. 

The elution profile from silicic acid adsorbtion chromatography is shown in 
Fig. 2C. On elution of the adsorbent with benzene/ethyl acetate and increasing 
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FIGURE 1. A: Concentration profile of the inhibition of cAMP-dependent protein kinase by cyclic 
PIP. Per 0.1-ml assay volume were added 5-,10-,15-,20-, and 25-j.l.1 aliquots of a solution of 
purified cyclic PIP. B: Concentration profile of the activation of phosphoprotein phosphatase by 
cyclic PIP; 10-5 M phosphohistone was used as substrate in an assay volume of 0.1 ml. 
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FIGURE 2. A: Chromatography on a Sephadex G-15 column (1.5 x 90 cm). When 2-ml frac
tions are collected, cyclic PIP peaks in fraction 62 and has a shoulder in fraction 54. The elution 
profiles of [14C]ATP (A), [14C]AMP (6), and [14C]cAMP (C) are shown. 6: Elution profile of cyclic 
PIP from a QAE-Sephadex anion-exchange column (0.9 x 30 cm) by a linear salt gradient. 
The dotted line shows the elution profile of cyclic AMP. C: Chromatography of cyclic PIP on a 
silicic acid column (0.9 x 1.5 cm). On increasing the methanol concentration stepwise from 2 
to 16, 28, 44, 56, and 68% in the eluent benzene/ethyl acetate/methanol, PGE elutes at 9% 
and cyclic PIP at 56%. 

methanol concentrations, prostaglandin E is eluted at a methanol concentration of 
9%, and cyclic PIP at a concentration of 56%, which indicates that cyclic PIP is 
much more polar than prostaglandin E. 

A further purification step is metal chelate affinity chromatography. Here 
organophosphates are adsorbed by forming less soluble metal phosphates, which 
can be eluted by a pH gradient. 
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4. THE PRESENT STATE OF KNOWLEDGE OF THE CHEMICAL 
STRUCTURE OF CYCLIC PIP 

I shall briefly summarize the evidence suggesting that prostaglandin E, myo
inositol, and phosphate are the primary constituents of cyclic PIP. 

4.1. Prostaglandin E 

It can be demonstrated that synthesis of cyclic PIP requires the presence of 
PGE, since no cyclic PIP can be detected in PGE-depleted hepatocytes except after 
addition of exogenous PGE to the cells (Wasner, 1981). Further, PGE-depleted 
hepatocytes show an almost fivefold increase in cAMP synthesis on adrenergic 
stimulation when compared with untreated control cells (Wasner, 1976). With this 
approach the incorporation of tritium-labeled PGE into cyclic PIP can be demon
strated. In a control experiment using hormonally nonstimulated cells, only one 
peak, PGE, is detected on gel filtration. However, on hormonal stimulation of such 
hepatocytes, two additional peaks are observed, both with higher molecular weights: 
the peak with the highest molecular weight represents cyclic PIP, and the inter
mediate peak has been attributed to its degradation product, a dephosphorylated 
cyclic PIP. The specific activity-that is, the radioactivity per unit of cyclic PIP
remains constant throughout the purification. 

On the basis of the specific radioactivity of exogenously added PGE, it can 
be estimated that 1 unit of cyclic PIP is equivalent to 5 pmol. Thus, full inhibition 
of protein kinase would be achieved at a concentration of 2.5 x 10-7 M. Under 
defined conditions, the amount of isolated cyclic PIP is in the range of 150 units 
per rat liver. This is equivalent to an extractable cyclic PIP concentration of 0.7 x 10-7 

M. Thus, the amount of cyclic PIP extracted is in the range of action. 
Cyclic PIP decomposes, resulting in loss of activity and leading to liberation 

of native PGE. This is shown as follows. When previously purified cyclic PIP is 
maintained at acid pH and then rechromatographed on a reversed-phase column, 
the remaining cyclic PIP elutes again unadsorbed with unchanged specific activity; 
when a gradient from water to ethanol is applied to the column, radioactive material 
is eluted in an amount equivalent to the loss of cyclic PIP. Mass spectrometry 
showed this product to be native PGE. 

We have, further, been able to demonstrate that antibodies against PGE bind 
cyclic PIP, although with a lower affinity than PGE. This result has been obtained 
by a radioactive dilution assay and by antibodies immobilized on Sepharose, re
taining cyclic PIP. 

4.2. Phosphate 

It became clear during the purification that cyclic PIP is a polar compound. 
Its polar as well as anionic nature persists after esterification of the carboxyl group 
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of PGE, strongly suggesting the presence of an inorganic anionic group. Presence 
of phosphate can be directly shown by [32PJphosphate incorporation into cyclic PIP 
and the demonstration of a constant ratio of radioactivity per unit of cyclic PIP. 

4.3. myo-Inositol 

The presence of myo-inositol in cyclic PIP was first indicated by analysis of 
its dephosphorylated product, the degradation product previously mentioned. Like 
cyclic PIP, it decomposes to yield prostaglandin and a still unidentified moiety. 
We therefore subjected this purified product to mass spectrometry after acid hy
drolysis, trimethylsilylation, and gas chromatography. We found this moiety to be 
consistent with inositol. This was confirmed by studies with tritium-labeled myo
inositol, which was incorporated into cyclic PIP. 

4.4. Structure 

This leaves us with the question: How are PGE, inositol, and phosphate linked 
to give cyclic PIP? As indicated, cyclic PIP and its degradation product, dephos
phorylated cyclic PIP, decompose to yield free PGE. Thus, apparently, either 
inositol phosphate or inositol is linked to PGE. Which functional group of PGE 
carries the inositol phosphate moiety? To elucidate this question the approach was 
the following: 

I. It is possible to prepare a methyl ester of cyclic PIP in which the carboxyl 
group of PGE is esterified. 

2. By KOH treatment of cyclic PIP, the CII hydroxyl group of the PGE moiety 
is removed. This treatment, however, although not destroying the integrity 
of cyclic PIP, does reverse its regulatory properties. 

3. It is possible to make a methoxim derivative. 

These three experiments exclude binding of the PGE to the inositol phosphate via 
its carboxyl, carbonyl, or CII hydroxyl group, therefore suggesting that the inositol 
phosphate is bound to the PGE via its C 15 hydroxyl group. This is further supported 
by the finding that catalytic hydrogenation of the double bond of PGE I yields an 
acid-stable cyclic PIP (Fig. 3). 

5. SUMMARY 

Cyclic PIP is rapidly synthesized in response to catecholamines and in response 
to insulin stimulation. It is composed of PGE, myo-inositol, and phosphate and 
may be named prostaglandylinositol cyclic phosphate (cyclic PIP) (Fig. 3). It is 
rapidly degraded. 

Its regulatory properties have been briefly described. The most important are 
inhibition of cAMP-dependent protein kinase in a variety of tissues and activation 
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FIGURE 3. Possible structure of 
cyclic PIP. It is presently not clear 
which of the six isomer hydroxyl 
groups of myo-inositol binds the 
PGE and which bind the phos
phate. It may be speculated that 
the phosphate is bound to the C1 

and C2 hydroxyl groups since a 1 ,2-
cyclic inositol phosphate is known 
to exist. 

of phosphoprotein phosphatase. By modulation of the activity of these two regulatory 
enzymes, the following activities have been measured: a fivefold activation of 
pyruvate dehydrogenase in adipocyte mitochondria, complete inhibition of phos
phorylase b of muscle (Fig. 4), complete inhibition of adenylate cyclase in hepa
tocytes (Wasner, 1981), and, finally, a complete blockade of the cAMP signal in 
Dictyostelium discoideum (H.K. Wasner, unpublished data). 

Thus, the cAMP antagonist cyclic PIP is ubiquitous, and it clearly counter
regulates the regulatory actions of cAMP so far investigated. And, finally, the 
possibility exists that cyclic PIP may be the biochemical mediator of those intra
cellular regulations attributed to PGE such as the anti lipolytic effect in adipocytes 
(Steinberg, 1964) and the inhibition of hepatic glucose output (Brass, 1984). 
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Regulatory Mechanisms in 
Prostacyclin-Blood Vessel 
Interactions 

BABETTE B. WEKSLER 

1. INTRODUCTION 

25 

The mechanisms governing prostaglandin production and action in vascular tissue 
are steadily becoming clarified. The former concept of a direct balance between 
vascular prostacyclin (PGI2) and platelet thromboxane (TxA2) in mediating vascular 
tone or hemostasis now appears simplistic and has been replaced. Current knowledge 
suggests instead a network of interactions among eicosanoid products of vascular 
cells, blood elements, and plasma factors (Fig. 1). 

Prostacyclin, the main cyclooxygenase product of large vessel endothelium, 
is released into the bloodstream at the luminal surface and modulates the functions 
of platelets and leukocytes. By raising platelet cAMP levels, PGI2 inhibits platelet 
activation, disaggregates platelet clumps, and decreases platelet secretion. Con
versely, cyclic endoperoxides released by platelets during activation can be utilized 
by nearby endothelial cells (Marcus et al., 1978) or leukocytes (Defreyn et al., 
1982) to synthesize PGI2 • This effect is enhanced by thromboxane synthetase in
hibitors (Fitzgerald et al., 1983). Prostacyclin affects neutrophil leukocytes by 
preventing their aggregation, adhesion to plastic (Boxer et al., 1980), and chemo
taxis (Weksler et al., 1977) and can inactivate free oxygen radicals produced by 
neutrophils (Weksler et al., 1979). Leukotriene C4 , synthesized and released by 
neutrophils, can stimulate PGI2 production by endothelium (Cramer et al., 1983). 
A minor product of normal endothelium but a more important of product of athero
sclerotic vessel (Rolland et al., 1984) or microvascular endothelium (Gerritsen et 
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FIGURE 1. Eicosanoid interactions between vascular wall and blood cells. 

at., 1983), PGE2 can enhance platelet activation. Interaction between platelets and 
neutrophils releases an unusual 12,20-diHETE (Marcus et at., 1984), which causes 
leukocyte aggregation. Since vessel wall can also produce 12-HETE (Greenwald 
et at., 1979; Salzman et at., 1980), a precursorfor this 12,20-diHETE, it is possible 
that endothelial interaction with neutrophils might also result in 12,20-diHETE 
release. 

2. CYCLOOXYGENASE REGULATION 

Modulation of cyclooxygenase activity is a major factor in regulating pros
taglandin production in vascular tissue. This enzyme is rapidly inactivated following 
initial activation by various stimuli, probably because of autooxidation by free
radical-containing intermediates. Thus, monolayers of human endothelial cells re
lease markedly diminished amounts of PGh on repeated stimulation by arachidonate 
following initial exposure to arachidonate, thrombin, or ionophore A23187 (Broth
erton and Hoak, 1983). Repeated exposure to PGH2 , however, results in non
diminished production of PGI2 , indicating that no inactivation of PGIz synthase has 
occurred. Only if cyclooxygenase is protected by inhibition with the reversible 
cyclooxygenase inhibitor ibuprofen during the initial exposure to arachidonate does 
repeat stimulation with this fatty acid lead to a full PGh response (Brotherton and 
Hoak, 1983). Similar rapid inactivation of cyclooxygenase has been observed in 
isolated perfused aortas (Kent et at., 1983) and jugular vein (Hoak et at., 1984). 
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In our studies of aspirin inhibition of vascular cyclooxygenase activity, we 
have obtained evidence that another governing factor may be a differential resyn
thesis of this enzyme in vascular smooth muscle and endothelium following its 
inactivation with aspirin. Exposure of vascular smooth muscle cells and endothelial 
cells to aspirin in vitro completely inhibits POIz production from arachidonate 1 hr 
later, but smooth muscle cells recultured without aspirin show little recovery of 
POIz synthetic capacity 48 hr later, whereas endothelial cells have fully recovered 
by 36 hr (Jaffe and Weksler, 1979). In vivo studies give similar results. Following 
daily administration of lowdose aspirin to surgical patients preoperatively, we ob
serve a 73% inhibition of POIz production in venous fragments obtained at surgery 
3 hr after the last dose of aspirin. At 24 hr after the last dose, venous fragments 
show 529c inhibition of POI2 production, whereas the endothelial surface of the 
same venous segments shows no inhibition and produces the same amount of POIz 
as venous segments from nonaspirinated control patients (Weksler et al., 1985). 

3. VASCULAR PROSTAGLANDINS AND CHOLESTERYL 
ESTER REGULATION 

Since circulating levels of vascular POIz are very low and probably do not 
have systemic effects on regulation of vascular tone or platelet function, it is of 
interest to consider other, more local, functions of POIz within the vessel wall 
itself. Possible functions include local effects on vascular tone, influence on stored 
cholesterol, and modulation of smooth muscle cell proliferation. In uninjured ves
sels, it is not clear whether POI2 of smooth muscle origin reaches the bloodstream, 
since removal of endothelium results in a prompt drop in POIz released at the 
luminal surface (Eldor et al .. 1981; Ooldsmith et al .. 1981). After endothelial injury 
or removal, the migration of neointimal smooth muscle cells to the vessel surface 
soon furnishes POlz at this site. In the presence of hypercholesterolemia, however, 
neointimal POIz release is blunted (Eldor et al .. 1982). 

Exploration of the interactions between POh and the accumulation of choles
terol by vascular smooth muscle has led to the observation that POI2 modulates the 
biological activity of cholesteryl-ester-metabolizing enzymes. Addition of nano
molar amounts of POIz to cultures of vascular smooth muscle cells of rabbit or 
bovine origin stimulated the activity of both the lysosomal (acid) cholesteryl ester 
hydrolase and the cytoplasmic (neutral) cholesteryl ester hydrolase without having 
any effect on the microsomal acyl-CoA cholesterol acyl transferase (ACAT), which 
reesterifies free cholesterol (Hajjar et al .. 1982; Hajjar and Weksler, 1983). As 
shown in Table I, enzyme activities increased two- to threefold and were accom
panied by a rise in intracellular cAMP levels. The effect of POIz on cholesteryl 
ester hydrolysis was mediated by stimulation of adenylate cyclase and subsequent 
rise in cAMP, since treatment of cells with a specific inhibitor of adenyl ate cyclase 
activation, 2',5' -dideoxyadenosine, prevented the rise in cholesteryl ester hydrol
ysis, whereas addition of dibutyryl cAMP to the cells in the absence of POb 
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TABLE I. Effects of Prostacyclin on Cholesteryl Ester Hydrolytic Enzymes and 
cAMP Levels in Vascular Smooth Muscle Cellsa 

ACEH NECH cAMP 
Additive fLU/mg DNA fLU/mg DNA pmoU 105 cells 

Buffer 3.4 ± 0.6 33 ± 5 3.0 ± 0.3 
20 nM PGI, 13.4 ± 0.9 N.D. 8.9 ± 0.4 
250 nM PGI, N.D. 75 ± 5 14.7 ± 1.4 

'Data adapted from Hajjar et al. (1982) and Hajjar and Weksler (1983). 

mimicked the effect on cholesteryl ester hydrolysis. Moreover, enzyme activity 
could be stimulated by addition of sodium arachidonate to the smooth muscle cells; 
aspirin treatment of the cells prevented the stimulating effect of arachidonate but 
not of exogenous PGI2 • More recently, studies with metabolites of PGIz have shown 
that several metabolites including 2,3-dinor-6-keto-PGF lu have similar effects (Etin
gen et at., 1984). Other prostaglandins such as PGE1 and PGE2 do not stimulate 
cholesteryl ester hydrolysis in vascular smooth muscle cells, even at higher con
centrations (Hajjar et at., 1982; Hajjar and Weksler, 1983), although PGE2 can 
depress ACAT activity (Hajjar and Weksler, 1983). 

The implications of these studies for the modulation of atherosclerotic changes 
in the vascular wall through the manipUlation of PGI2 are intriguing. These studies 
clearly show that nanomolar amounts of exogenous, or amounts of endogenous 
PGIz produced through stimulation of the cells, can increase cholesteryl ester break
down and stimulate egress of cholesterol from smooth muscle cells over longer 
periods of time (Hajjar et at., 1982; Hajjar and Weksler, 1983; Etingen et at., 
1984). These effects are augmented by theophylline derivatives, but the changes 
in intracellular cAMP levels observed in the absence of phosphodiesterase inhibitors 
are sufficient to mediate the increased cholesteryl ester hydrolysis. Reports of the 
prevention of experimental atherosclerosis in animals fed high-cholesterol diets 
when the animals were treated with interferon (Kuo et at., 1984) may have perti
nence, since it has been reported that interferon a strongly and selectively stimulates 
endothelial cell PGI2 synthesis (Eldor et at., 1984), and it is likely that it has a 
similar action on the vascular smooth muscle cell. Thus, therapeutic strategies to 
preserve or augment PGI2 synthesis in vascular smooth muscle could have a direct 
antiatherogenic affect. This hypothesis remains to be tested in appropriate models. 
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A Comparison of the Contractile 
Responses of Rodent and 
Human Pulmonary Vascular 
Segments to Eicosanoids 

YVONNE T. MADDOX, CYNTHIA M. CUNARD, 
RON SHAPIRO, AKIRA KAWAGUCHI, 
MITCHELL GOLDMAN, RICHARD R. LOWER, 
and PETER W. RAMWELL 

1. INTRODUCTION 

Eicosanoids such as thromboxanes (Txs) and leukotrienes (L Ts) are powerful spas
mogens. The pulmonary hemodynamic actions of leukotrienes are complex. For 
example, in the isolated rat lung preparation, the perfusion pressure is increased 
by LTC4 in a dose-dependent manner, and this response is blocked by FPL-55712, 
a leukotriene receptor antagonist (Iacopino et al., 1983). However, in the closed
chest rat with an intact circulation, the intravenous administration of LTC4 produces 
a dose-dependent decrease in pulmonary artery pressure. We concluded that the 
direct action of L TC4 on the pulmonary vasculature in this preparation (Iacopino 
et al., 1984) is obscured by the concurrent decrease in cardiac output. 

In order to further analyze the site of action of leukotrienes and thromboxanes, 
it is useful to determine their effects on pulmonary vascular segments. One anec
dotal account suggests that leukotrienes have little or no action on spiral strip 
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preparations of human pulmonary vascular tissue (Hanna et ai., 1981), but another 
study using human pulmonary vessels indicates that venous but not arterial strips 
are contracted semiisometrically by LTC4 (Schellenberg and Foster, 1984). How
ever, an important factor is the endothelium, and the endothelium has recently been 
recognized as a regulator of some of the effects of vascular agonists (Furchgott and 
Zawadzki, 1980; DeMey and Vanhoutte, 1982). Therefore, if the endothelium is 
to be considered, it is necessary to employ vascular ring preparations, since little 
endothelium remains after spiral vascular strips are prepared in the conventional 
manner (Furchgott and Zawadzki, 1980). The present study was undertaken with 
vascular rings and is designed to evaluate the response of rat pulmonary segments 
and to compare their response to the corresponding human vessels, which have 
limited availability. 

2. MATERIALS AND METHODS 

Segments of pulmonary arteries and veins were obtained from five subjects 
(male, 17-30 years old) and male Sprague-Dawley rats (Charles River, 250-400 
g). Ring segments (length, 2-3 mm, rat; 3-4 mm, human) were prepared and 
carefully mounted, to avoid stripping the endothelium, in a tissue bath that contained 
Krebs-Ringer bicarbonate solution (KRB) with glucose, gassed with 5% CO2 in 
95% O2, and kept at 37°C. After an initial preload of 1.5 g (human) or 1 g (rat), 
the tissue was equilibrated until basal tone stabilized. This usually took 1 to 2 hr. 
Tension was measured isometrically with a force displacement transducer connected 
to a preamplifier and a recorder (Harvard). 

Cumulative concentration-response curves to LTC4 , U46619, and norepine
phrine were generated. The responses are reported as tension generated in grams. 
The concentration producing 50% of the maximal contraction (ECso) was calculated 
from regression lines. 

The release of prostacyc1in and thromboxane A2 from segments of human 
pulmonary arteries and veins was measured by radioimmunoassay (RIA) of 6-keto
PGFla and TxB2, respectively. Vessel segments (3 mm) were incubated in triplicate 
in 500 j.LI of KRB for 15 min at 37°C, and aliquots were analyzed in duplicate. 
After incubation, vessel segments were air dried and weighed. The RIA results are 
reported as picograms per milligram dry weight of tissue. 

Leukotriene C4 was kindly provided by Dr. J. Rokach of Merck Frosst Lab
oratories (Quebec, Canada); U46619, TxB2' and 6-keto-PGFla were gifts of Dr. J. 
Pike of the Upjohn Co. (Kalamazoo, MI). FPL-55712 was a gift from Dr. P. Sheard 
of the Fisons Co. (Leicestershire, U.K.). The antibody to TxB2 was a gift from 
Dr. L. Levine, Brandeis University (Waltham, MA). We developed the antibody 
to 6-keto-PGFla by immunizing rabbits with 6-keto-PGFla conjugated to bovine 
serum according to the method of Smith et ai. (1978). The cross reactivity has been 
described (Pomerantz et ai., 1980). 

Statistical analysis was performed by use of Student's unpaired t-test and 
analysis of variance. 
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3. RESULTS 

Pulmonary arterial segments from rat and human contracted in a dose-depen
dent manner to the thromboxane mimic U46619 and to LTC4 (Table I). 

There was no significant difference in the maximum tension generated to 
U46619 between pulmonary arteries (PA) of the two species. In addition, the EC50 

values (10-8 M) were not significantly different, i.e., 2.9 ± 1.8 and 2.5 ± 0.5 
for human and rat, respectively. 

The rat PA and human PA produced similar contractile responses to LTC4 , 

but the rat PA was significantly more sensitive (Table I). The EC50 values (10-8 

M) for LTC4 in the PA of the rat and human were 1.7 ± 0.4 and 3.6 ± 1.6, 
respectively. 

The pulmonary vein (PY) of the rat did not respond to U46619, and the human 
PY generated less force than the human PA. In addition, the rat PY was unresponsive 
to LTC4 , and the human PY generated less tension with this agonist than the human 
PA (data not shown). 

The force of contraction generated to norepinephrine (NE) by segments of rat 
PA was similar to that produced with U46619, but U46619 was less potent. The 
EC50 values(10-8M)were5.1 ± 1.4 forNE compared to 2.5 ± 0.5forU46619 
(Table I). 

Indomethacin (5.5 j.LM) did not significantly alter the contractile response to 
either U46619 or LTC4 in rat or human vessels (Fig. 1). The SRS-A receptor 
antagonist FPL-55712 (4 j.LM) inhibited the response to LTC4 in the human pul
monary arterial segments (Fig. 2). 

Segments of human pulmonary arteries and veins released 6-keto-PGFlot and 
TxB2 (Table II). There was no significant difference between arterial and venous 
segments in the basal release of either cyclooxygenase product. In addition, ara
chidonic acid (10-5 M) markedly enhanced the production of 6-keto-PGFlot and 
TxB2 in the arterial and venous preparations. Leukotriene C4 significantly increased, 
by threefold, 6-keto-PGFla release from arterial segments; LTC4 was ineffective 
in stimulating TxBz and had no effect on 6-keto-PGF1Cl release from venous seg
ments. 

Acetylcholine (ACh) produced a dose-dependent relaxation of the human PA 

TABLE I. ECso Values and Maximum Developed Tension (Tmax) for U46619, LTC4 , 

and Norepinephrine (NE) by Pulmonary Artery Rings from Human and Rat" 

U46619 LTC4 

Human ECso (10-8 M) 2.9 ± 1.8 3.6 ± 1.6 
Tmax(g) 1.2 ± 0.3 0.45 ± 0.05 

(4) (4) 
Rat ECso (lO-S M) 2.5 ± 0.5 1.7 ± 0.4 

Tmax(g) 1.8 ± 0.2 0.75 ± 0.05 
(8) (9) 

Q Values expressed as mean ± S.E.M.; numbers in parentheses refer to the number of vessels used. 

NE 

5.1 ± 1.4 
1.8 ± 0.2 

(8) 
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FIGURE 1. The effect of indomethacin on the maximum tension generated in rat pulmonary 
artery segments with U46619 and LTC •. Data are presented as mean ± S.E.M. of five exper
iments. 
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TABLE II. Comparison of the Release of Selected Cyciooxygenase Products by 
Human Pulmonary Artery and Vein Segments8 

6-Keto-PGF'a 
(pgimg dry tissue) 

TxB2 
(pg/mg dry tissue) 

Basal 
Arachldonate 

(10-5 M) 
LTc., (10-5 M) 

Arachidonate 
plus LTC. 

PA 

48 ± 9 
2493 ± 267 

157 ± 3 
3366 ± 54 

PV 

58 ± 9 
2490 ± 108 

74 ± 6 
2580 ± 124 

PA 

II ± 2 
250 ± 36 

21 ± 5 
312 ± 7 

PV 

12 ± 
223 ± 21 

17 ± II 
190 ± 6 

U Vessel segments were Incubated In tnplicate at 37Q C for 15 mIn Data expressed as pg/mg dry tIssue and represent 
mean :- S EM 

precontracted with a submaximal dose of L TC4 (Fig. 3A). Rubbing of the intimal 
surface of the P A abolished this relaxation and instead produced a dose-dependent 
contractile response. The human PV did not relax to ACh (Fig. 3B). When the 
venous segment was rubbed, ACh produced a contractile response similar to that 
seen in the PA. 

4. DISCUSSION 

Rat and human pulmonary artery preparations were found to contract to both 
L TC4 and U46619, but the tension generated by the human pulmonary vein to both 

A HUMAN PULMONARY ARTERY 
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FIGURE 3. The effects of acetylcholine on L TC4-precontracted human pulmonary artery and 
vein segments before and after intimal rubbing. 
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LTC4 and U46619 was significantly less than that generated by the human pUlmonary 
artery and, moreover, was not reproducible. Rat pulmonary veins were found to 
be unresponsive to both agonists. 

In contrast to our studies reported here, Schellenberg et al. (1984) found spiral 
strips of human pulmonary vein to be significantly more responsive to LTC4 than 
human pulmonary artery. This discrepancy may be related to the absence of the 
endothelium in the spiral preparation. In the present study, the acetylcholine-induced 
relaxation of human pulmonary arteries suggests that endothelial cells were present 
in our experiments. The endothelial cells appear to be involved in facilitating the 
contractile response to many agonists, i. e., norepinephrine and arachidonic acid 
(DeMey and Vanhoutte, 1982). Thus, the presence of endothelium could explain 
the increased reactivity observed in intact human pulmonary arteries in our studies 
in contrast to those of Schellenberg et al. (1984). 

The lack of effect of indomethacin indicated that cyclooxygenase products did 
not mediate L TC4 - or U46619-induced contractility. This suggests that the con
tractile response to these two agonists in the pulmonary artery was a direct effect. 
The fact that FPL-55712 inhibited the L TC4 -induced response supports the idea 
that LTC4 exerts its actions on the pulmonary artery through SRS-A-responsive 
receptors. 

The new observation that human pulmonary arterial and venous segments 
produce 6-keto-PGF la and TXB 2 is in agreement with data obtained in sheep pul
monary artery slices (McDonald et al., 1983). However, in the sheep study, the 
ratio of 6-keto-PGF la to TXB 2 was 9 : 1, which is different from the ratio of 3 : I 
observed in the present study. Howev,., the release of substantially more TXB2 

from human pulmonary vessels could account for this difference, since there was 
no significant difference in 6-keto-PGF la levels between the two species. Leuko
triene C4 significantly enhanced the release of prostacyclin but not thromboxane 
from segments of human pulmonary arteries. These results are in accord with a 
recent study that demonstrated that L TC4 promotes prostacyclin synthesis by en
dothelial cells from human umbilical vein (Cramer et al., 1983). 

Acetylcholine releases a factor from endothelial cells that relaxes vascular 
smooth muscle (Furchgott and Zawadzki, 1980; Furchgott, 1983; Griffith et al., 
1984). The relaxation observed with acetylcholine in LTC4-precontracted human 
pulmonary artery but not in the pulmonary vein implies that the artery has an 
endothelium-dependent relaxant factor (EDRF) whereas the vein does not. This is 
in accord with results obtained with canine pulmonary veins in which acetylcholine 
produced no relaxation but only contraction whether endothelial cells were present 
or absent (DeMey and Vanhoutte, 1982). These data are of interest in view of the 
suggestion that the reduction of pulmonary artery pressure by acetylcholine in 
pulmonary hypertension is mediated by a direct dilatory effect on the pulmonary 
arterial tree (Chand and Altura, 1981). 

In conclusion, the present study indicates that there are similarities in the 
responsiveness of isolated pulmonary vascular segments obtained from rodents and 
humans. These results may be important given that the rat is frequently used as a 
model for studying experimental pulmonary hypertension. 
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Leukotriene C4 Is Released from 
the Anaphylactic Heart: A Case 
for Its Direct Negative Inotropic 
Effect 

ROBERTO LEVI, YUICHI HATTORI, 
JAMES A. BURKE, ZHAO-GUI GUO, 
UGHETTA HACHFELD del BALZO, 
WILLIAM A. SCOTT, and CAROL A. ROUZER 

1. INTRODUCTION 

Data from our laboratory indicate that the heart reacts as a target organ in systemic 
hypersensitivity reactions (Capurro and Levi, 1975; Graver et al., 1983). Cardiac 
dysfunction observed during anaphylaxis in the guinea pig (Capurro and Levi, 1975; 
Zavecz and Levi, 1977) resembles that reported in humans (Bemreiter, 1959; Both 
and Patterson, 1970; Criep and Woehler, 1971; Petsas and Kotler, 1973; Sullivan, 
1982) and is caused by mediators released intracardially and reaching the heart from 
the lung (Zavecz and Levi, 1977). "Cardiac anaphylaxis" (Feigen and Prager, 1969) 
is characterized by tachycardia, arrhythmias, contractile failure, coronary constric
tion, and mediator release (Capurro and Levi, 1975; Levi and Allan, 1980; Levi 
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et al., 1982). Tachycardia and arrhythmias are caused by the release of endogenous 
cardiac histamine, since they are reproduced by the intracardiac administration of 
histamine and abolished by antihistamines (Levi and Allan, 1980; Levi et al., 1982). 
On the other hand, anaphylactic coronary constriction is markedly reduced by 
cyclooxygenase inhibitors such as indomethacin or aspirin or by thromboxane syn
thetase inhibitors such as 1-(2-isopropylphenyl)imidazole (Allan and Levi, 1981). 
Furthermore, the intracardiac administration of U 46619, a stable thromboxane 
analogue, causes coronary constriction (Allan and Levi, 1980a). Thus, prostanoate 
compounds, particularly thromboxane, contribute to the fall in coronary flow rate 
that characterizes cardiac anaphylaxis (Levi et al., 198~). Other potent coronary
constricting agents, such as platelet-activating factor (PAF, AGEPC), are also likely 
to contribute to anaphylactic coronary constriction (Levi et al., 1984). 

2. CARDIAC ANAPHYLAXIS, CONTRACTILE FAILURE, AND ITS 
INHIBITION BY THE END-ORGAN SRS ANTAGONIST 
FPL 55712 

In experiments designed to identify the mediator(s) responsible for the con
tractile failure of anaphylaxis, we first investigated the role of histamine. Since the 
inotropic response to histamine is the resultant of two components, positive (Hr 
mediated) and negative (HI-mediated) (Zavecz and Levi, 1978; Guo et al., 1984), 
we assessed whether HI blockers antagonize the negative inotropic effect of ana
phylaxis. However, in the presence of chlorpheniramine, anaphylaxis caused an 
even greater decrease in contractility (Fig. 1), an indication that histamine is not 
responsible for the negative inotropic symptom of cardiac anaphylaxis. Chlorphen
iramine did not directly decrease myocardial contractility, nor has chlorpheniramine 
ever been shown to induce the release of negative inotropic mediators. Therefore, 
the further decline in contractility in the presence of chlorpheniramine is probably 
a consequence of the faster ventricular rate at which the anaphylactic heart beats 
when treated with an HI blocker. Indeed, chlorpheniramine antagonizes the his
tamine-induced, HI-mediated atrioventricular conduction block, a characteristic fea
ture of cardiac anaphylaxis, but not the concomitant Hrmediated sinus tachycardia 
(Levi and Capurro, 1973). Thus, ventricular rate is much faster in the presence 
than in the absence of chlorpheniramine. This causes a greater shortening of diastolic 
time and, in tum, a more pronounced decline in contractility. 

Various cyclooxygenase products have a negative inotropic effect on the guinea 
pig heart (Allan and Levi, 1980a). Among these, PGD2 and thromboxane are 
released during cardiac anaphylaxis (Anhut et al., 1978; Allan and Levi, 1981). 
We therefore investigated whether indomethacin would antagonize the anaphylactic 
contractile failure (Levi et al., 1976; Allan and Levi, 1980b, 1981). As shown in 
Fig. 1, indomethacin not only failed to antagonize the negative inotropic effect of 
anaphylaxis but actually potentiated it and prolonged it. This indicates that cy
clooxygenase products cannot be the cause of the decrease in ventricular contrac
tility. Moreover, since indomethacin did not increase ventricular rate during ana-
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FIGURE 1. Anaphylaxis in the isolated guinea pig heart. Time course of changes in left ven
tricular contractile force following antigen challenge either in the absence (anaphylaxis) or in 
the presence of one of the drugs indicated. Concentrations of the drugs were: FPL 55712,0.48 
fLM; chlorpheniramine, 1 fLM; indomethacin, 2.8 fLM. The hearts, obtained from guinea pigs 
passively sensitized with homologous anti-DNP-bovine 'I-globulin, were challenged with DNP
bovine serum albumin (for method of sensitization see Levi et al., 1984). Points are means 
(±S.E.M.; N = 4-6). 

phylaxis, the further decline in contractility in the presence of indomethacin may 
be attributable to an enhanced release of negative inotropic mediators. One such 
mediator could be slow-reacting substance of anaphylaxis (SRS-A). Indeed, in
domethacin has been reported to enhance the release of SRS-A from the anaphylactic 
heart (Liebig et at., 1975). 

To assess the contribution of SRS-A to the contractile failure of cardiac ana
phylaxis, we used the specific anti-SRS compound FPL 55712 (Augstein et al., 
1973). As shown in Fig. 1, FPL 55712 markedly reduced and abbreviated the 
negative inotropic effect of anaphylaxis (Burke and Levi, 1980; Levi et al., 1982; 
Ezeamuzie and Assem, 1983), an indication that SRS-A, known to be released in 
large amounts from the anaphylactic heart (Liebig et al., 1975; Levi and Burke, 
1980), may be a major cause of contractile failure. 

3. THE NEGATIVE INOTROPIC AND CORONARY 
VASOCONSTRICTING EFFECTS OF PARTIALLY PURIFIED 
SRS-A AND HPLC-PURIFIED SRS 

We sought confirmation of the putative role of SRS-A as the mediator of 
contractile failure by investigating the effects of SRS-A directly administered into 
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the heart. As shown in Fig. 2, partially purified histamine-free SRS-A obtained 
from the guinea pig lung or HPLC-purified SRS from mouse peritoneal macrophages 
(Rouzer et al., 1980) caused a dose-dependent negative inotropic efect that was 
antagonized by the SRS end-organ antagonist FPL 55712 (Burke and Levi, 1980; 
Levietal., 1982). 

Thus, the facts that: (1) indomethacin worsens the anaphylactic contractile 
failure as it enhances SRS-A release, (2) the anti-SRS compound FPL 55712 greatly 
diminishes anaphylactic contractile failure, and (3) the intracardiac administration 
of SRS causes a dose-dependent negative inotropic effect that is antagonized by 
FPL 55712, indicate that SRS-A is an important mediator of anaphylactic cardiac 
failure. 

With the discovery of the molecular structure of SRS-A and the identification 
of leukotrienes C4 , D4 , and E4 as its components (Murphy et al., 1979; Lewis et 
al., 1980; Morris et al., 1980; Samuels son et al., 1980), we next determined, in 
collaboration with E. J. Corey, that synthetic LTC4 , D4 , and E4 have direct negative 
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FIGURE 2. Dose-response curves for the negative inotropic and coronary vasoconstricting 
effects of partially purified guinea pig lung SRS-A (top panels) and of HPLC-purified mouse 
peritoneal macrophage SRS (lower panels) on isolated guinea pig hearts perfused at constant 
pressure (40 cm H20) in a Langendorff apparatus, either in the presence or in the absence of 
FPL 55712 (0.48 fLM). The SRS-A was obtained from guinea pig lungs immunologically chal
lenged in the presence of indomethacin (2.8 fLM), followed by ethanol extraction, desalting, and 
histamine separation by Amberlite XAD-7 column chromatography (Levi et al., 1982). The SRS 
was derived from macrophages challenged in vitro with unopsonized zymosan and purified by 
extraction, Sephadex G25 column chromatography, and HPLC in two different solvent systems 
(Rouzer et al., 1980). Points are means (± S.E.M.; N = 3-4). 
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inotropic effects on guinea pig heart and human myocardium in vitro (Burke et al., 
1981, 1982). These findings explained and confirmed our previous results with 
SRS-A. 

4. IDENTIFICATION OF L TC4 AS THE PRIMARY LEUKOTRIENE 
RELEASED DURING CARDIAC ANAPHYLAXIS 

We next turned our attention to the identification of leukotrienes released from 
the anaphylactic guinea pig heart. By HPLC analysis of the coronary effluents 
during cardiac anaphylaxis, we determined that LTC4 is the primary SRS-A leu
kotriene released from the heart; LTD4 and E4 were not detected (Fig. 3). By 
bioassay, approximately 400 pmol of L TC4 were found to be released per gram of 
heart. This value is somewhat higher than that measured by radioimmunoassay by 
Aehringhaus et al. (1983), probably reflecting a different degree of cardiac sensi
tization. We used a passive sensitization technique with a known concentration of 
guinea pig anti-DNP antibodies, whereas Aehringhaus and colleagues used active 
sensitization with ovalbumin. Recently, Aehringhaus et al. (1984) have reported 
that indomethacin enhances the release of LTC4-like immunoreactivity from the 
anaphylactic heart, confirming their earlier finding with SRS-A (Aehringhaus et 
al., 1983). Therefore, it is most probable that the indomethacin-induced potentiation 
of the negative inotropic effect of anaphylaxis results from the enhanced release of 
L TC4. This in turn supports the view that LTC4 is a major contributor to anaphylactic 
contractile failure. 

5. THE NEGATIVE INOTROPIC AND CORONARY 
VASOCONSTRICTING EFFECTS OF SYNTHETIC L TC4 

Since the administration of either SRS (Fig. 2) or leukotrienes (Burke et al., 
1982) into the Langendorff heart perfused at constant pressure caused a decrease 
in both contractility and coronary flow, we evaluated the possibility that the decrease 
in contractility might be secondary to the decrease in coronary flow. For this, we 
studied the effects of L TC4 in the isolated guinea pig heart perfused at constant 
flow. As shown in Fig. 4, LTC4 decreases contractility independently of coronary 
flow changes, since the flow was maintained constant. On the other hand, the 
increase in perfusion pressure indicates that, as a function of dose, L TC4 progres
sively constricts the coronary vessels (Fig. 4). 

6. COMPARISON OF THE INOTROPIC EFFECTS OF 
LTC4 , PAF, PGD2 

We next took into consideration the remaining possibility, i.e., that LTC4-
induced coronary constriction may cause regional shunting and ischemia and that 
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contractile failure may in part result from it. To test this, we used isolated non
coronary-perfused cardiac preparations from the guinea pig such as the electrically 
paced left atrium and right ventricular papillary muscle (Burke et al., 1982). As 
shown in Fig. 5, LTC4 caused a dose-dependent decrease in contractile force in 
both of these preparations, demonstrating beyond any doubt that LTC4, like LTD4 
(Burke et al., 1982; Hattori and Levi, 1984), has a primary negative inotropic 
effect. Further, this effect is antagonized by FPL 55712 but not by indomethacin 
(Burke et al., 1982; Hattori and Levi, 1984). 

As shown in Fig. 5, a linear correlation exists between the decrease in left 
ventricular contractile force and the decrease in coronary flow caused by L TC4 in 
the isolated guinea pig heart. Further, it is apparent that the decrease in contractility 
in the left atrium and papillary muscle is about 20% smaller than that in the whole 
heart. Thus, although LTC4 undoubtedly has a direct negative inotropic effect, in 
the entire heart this may be amplified by local ischemia resulting from the con
comitant coronary-constricting effect of LTC4 . As seen in Fig. 5, this reasoning 
probably applies also to P AF, another mediator of cardiac anaphylaxis (Levi et al., 
1984). In the guinea pig, P AF has cardiac effects similar to those of leukotrienes 
but indepedent of them (Levi et al., 1984). Indeed, PAF has potent negative 
inotropic effects in animals (Bessin et al., 1983; Feuerstein et al., 1984; Levi et 
al., 1984; Vemulapalli et al., 1984) and humans (Gateau et al., 1984). Again, as 
for LTC4 , it is possible that local ischemia resulting from coronary vasoconstriction 
may magnify the primary negative inotropic effect of PAF. In view of the obser-
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vations with LTC4 and PAF, one could speculate that other anaphylactic mediators, 
such as PGD2 , that have both negative inotropic and coronary-constricting effects 
in the whole heart (Anhut et al., 1978; Allan and Levi, 1980a) may also have a 
direct negative inotropic effect in non-coronary-perfused myocardial preparations. 
As shown in Fig. 5, however, this is not the case: although PGD2 decreases ven
tricular contractility pari passu with coronary flow in the whole heart, PGD2 in
creases contractility in the non-coronary-perfused left atrium and papillary muscle. 
Furthermore. whereas indomethacin does not antagonize the negative inotropic 
effect of L TC4 and PAF in the isolated heart (Burke et al., 1982; Levi et al., 1984), 
it antagonizes the coronary vasoconstricting effect of PGD2 and transforms the 
decrease in ventricular contractility caused by PGD2 into an increase (Levi and 
Hattori, 1985). This suggests that the negative inotropic effect of PGD2 on the 
whole heart may be secondary to the coronary vasoconstriction caused by a cy
clooxygenase product and that this coronary constriction conceals the primary pos
itive inotropic action of PGD2 . On the contrary, as already discussed, the negative 
inotropic effects of L TC4 and P AF persist after cyclooxygenase inhibition and are 
present in isolated non-coronary-perfused preparations (Burke et al., 1982; Levi et 
al., 1984). Thus, our data clearly indicate that L TC4 has a primary, direct negative 
inotropic effect and that P AF is another mediator with similar, but independent, 
effects on the myocardium. 

7. POSSIBLE MECHANISMS OF THE NEGATIVE INOTROPIC 
EFFECT OF LEUKOTRIENES 

We have recently initiated research designed to understand the mechanism of 
the negative inotropic effect of leukotrienes. Since Ca2 + movements playa major 
role in excitation-contraction coupling, we have hypothesized that leukotrienes may 
interfere with such movements. Indeed, we have found that the negative inotropic 
effect of LTD4 is attenuated at higher extracellular Ca2+ concentrations (Hattori 
and Levi, 1984). Therefore, we have assessed the effect of leukotrienes under 
conditions in which myocardial contractility is maintained exclusively by slow 
inward Ca2+ current (Hattori and Levi, 1984). One such condition (Houki, 1973; 
Shigenobu et al., 1974) is shown in Fig. 6 (panel B), i.e., histamine-restored 
contractility in papillary muscles rendered in excitable by a high extracellular po
tassium concentration. From comparison of panels A and B in Fig. 6, it is evident 
that the negative inotropic effect of LTC4 is much greater when contractility depends 
exclusively on the slow inward Ca2 + current (panel B, maximum 80% decrease in 
contractility) than in control conditions (panel A, maximum 30% decrease). No
tably, the effects of leukotrienes on Ca2 + -dependent contractility are reversed by 
increasing extracellular Ca2 + (Hattori and Levi, 1984) and are antagonized by 
compound FPL 55712 (Fig. 6). Thus, our results are compatible with the possibility 
that the cardiodepressant effect of leukotrienes may be attributable to an inhibition 
of trans sarcolemmal Ca2 + influx. Specific LTD4 binding sites in membranes pre-
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FIGURE 6. Concentration-response curves for the negative inotropic effect of L TC4 in guinea 
pig papillary muscles electrically paced at 2 Hz in normal Tyrode's solution (normal contraction, 
A) and in potassium-depolarized papillary muscles electrically paced at 0.2 Hz whose contractility 
had been restored by histamine (Le., Ca2 + -activated contraction, B). Points are means (± S.E.M.; 
N = 4--6) (Hattori and Levi, 1984). 

pared from guinea pig ventricular myocardium have been identified by Hogaboom 
et ai. (1983), who have also suggested that the binding occurs primarily in the 
cardiac sarcolemma. Thus, it is possible that leukotrienes may bind to specific 
myocardial receptors and reduce trans sarcolemmal Ca2 + influx (Hattori and Levi, 
1984). 

8. SUMMARY AND CONCLUSIONS 

In all of the animal species in which the cardiovascular effects of L TC4 and 
D4 have been studied, these eicosanoids have been shown to cause profound func
tional alterations. Significant decreases in coronary flow (Burke et ai., 1982; 
Panzenbeck and Kaley, 1983; Michelassi et ai., 1983; Woodman and Dusting, 
1983; Ezra et ai., 1983), left ventricular contractility (Burke et ai., 1982; Panzen
beck and Kaley, 1983; Michelassi et ai., 1983), and cardiac output (Pfeffer et ai., 
1983; Panzenbeck and Kaley, 1983; Smedegard et al., 1982) as well as prolonged 
hypotension (Smedegard et ai., 1982) have been reported. Although the potent 
coronary vasoconstricting effect of LTC4 and LTD4 may contribute to the overall 
decrease in contractility, the decrease in left ventricular systolic shortening caused 
by L TC4 and D4 in the whole animal is far greater than that expected on the basis 
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of the reduction in coronary flow (Michelassi et al., 1983). Moreover, although in 
the isolated heart the decreases in coronary flow and contractility caused by L TC4 
are linearly correlated, a negative inotropic effect of leukotrienes can be clearly 
demonstrated in the non-coronary-perfused left atrium and right ventricular papillary 
muscle preparations. Thus, leukotrienes have direct negative inotropic effects (Burke 
et al .. 1982; Hattori and Levi, 1984). The fact that the decrease in contractility in 
the left atrium and papillary muscle is smaller than that in the whole heart (Burke 
et al., 1982; Hattori and Levi, 1984) suggests that local ischemia caused by coronary 
constriction (Ezra et al., 1983) may amplify the direct negative inotropic effect of 
leukotrienes. Furthermore, the cardiodepressant effect of leukotrienes is not me
diated by the release of vasoactive cyclooxygenase products (Burke et al., 1982; 
Michelassi et al., 1982; Panzenbeck and Kaley, 1983; Hattori and Levi, 1984). 

Possible mechanisms of the direct negative inotropic effect of leukotrienes 
may include an interference with the Ca2 + movements that underlie excitation
contraction coupling. Indeed, our recent evidence (Hattori and Levi, 1984) indicates 
that the negative inotropic effect of L TD4 in the papillary muscle decreases with 
increasing extracellular Ca2 + concentrations. Furthermore, LTC4 and LTD4 inhibit 
the restoration of contractility induced by isoproterenol or histamine in guinea pig 
papillary muscle depolarized by high K + (Hattori and Levi, 1984). Since (1) this 
restoration results from the activation of a slow inward Ca2 + current (Thyrum, 
1974; Inui and Imamura, 1976: Tritthart et al., 1976), (2) LTC4 antagonizes this 
Ca2 + -activated contraction much more than normal contraction, and (3) this effect 
of LTC4 is reversed by increasing extracellular Ca2 + concentrations, it is plausible 
that the negative inotropic effect of leukotrienes is related to an inhibition ot trans
sarcolemmal Ca2 + influx. 
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Leukotriene D4 in the Sheep 
and Cat 

28 

PHILIP J. KADOWITZ, DENNIS B. McNAMARA, and 
ALBERT L. HYMAN 

1. SUMMARY 

Pulmonary vascular responses to leukotriene (LT) D4 were compared in the sheep 
and cat under conditions of controlled lobar blood flow. Intralobar injections of 
L TD4 in the sheep caused dose-dependent increases in lobar arterial and small vein 
pressures without influencing left atrial or systemic arterial pressure. Leukotriene 
D4 was very potent in increasing pulmonary vascular resistance in the sheep, with 
activity similar to U -46619, a thromboxane (Tx) A2 mimic. Pulmonary vascular 
responses to L TD4 in the sheep were similar when the lung was ventilated and 
when lobar ventilation was arrested and when the lobe was perfused with blood or 
with dextran. Pulmonary vasoconstrictor responses to LTD4 but not to U-46619 in 
the sheep were reduced by inhibitors of cyclooxygenase and thromboxane synthesis. 
In contrast, L TD4 had modest pressor activity in the pulmonary vascular bed of the 
cat, whereas U-46619 had marked activity in this species. Responses to LTD4 in 
the cat were not altered by cyclooxygenase inhibitors. 

It is concluded that LTD4 has marked pulmonary vasoconstrictor activity in 
the sheep, increasing pulmonary vascular resistance by constricting intrapulmonary 
veins and upstream segments. In this species, responses to LTD4 were independent 
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of changes in ventilation or the interaction with formed elements but were dependent 
on the formation of cyclooxygenase products including TxA2 . However, in the cat, 
L TD4 had very weak pressor activity, and this activity was not dependent on the 
integrity of the cyclooxygenase system. These studies indicate that there is consid
erable species difference in responses to LTD4, a major component of the slow 
reacting substance of anaphylaxis, in the pUlmonary vascular bed. 

2. INTRODUCTION 

The leukotrienes are a family of biologically active substances formed from 
arachidonic acid via the 5-lipoxygenase pathway (Hammarstrom, 1983). In the 
lipoxygenase pathway, which is an alternative to the cyclooxygenase pathway, the 
substrate is converted to 5-hydroperoxyeicosatetraenoic acid, which is oxygenated 
to a labile epoxide intermediate named leukotriene (LT) A4 (Borgeat et ai., 1976; 
Borgeat and Samuelsson, 1979a,b). This labile epoxide intermediate, which is 
analogous to the pivotal prostaglandin (PG) endoperoxide intermediate PGH2 in the 
cyclooxygenase pathway, can be transformed enzymatically to LTB4, which has 
potent chemotactic activity (Borgeat and Samuelsson, 1979a,b; Ford-Hutchinson 
et ai., 1980). Leukotriene A4 can also be converted to L TC4 by the addition of 
glutathione, and this leukotriene can be further metabolized to LTD4 by a ),-glutamyl 
transpeptidase (Murphy et ai., 1979; Hammarstrom et ai., 1983; Orning et ai., 
1980). 

It has recently been reported that LTC4 and LTD4 are major components of 
the slow reacting substance of anaphylaxis (Murphy et ai., 1979; Morris et ai., 
1980; Lewis et ia., 1980). Since SRS-A is a contractile substance that is released 
by immunologic challenge from the lung, it has been hypothesized that SRS-A is 
an important mediator of symptoms in asthma and other immediate-type hypersen
sitivity reactions (Kallaway and Trethewie, 1940; Brocklehurst, 1960; Dahlen et 
ai., 1983). The effects of the leukotrienes on the lung are of considerable interest 
because of their postulated role as a mediator in asthma (Dahlen et ai., 1983). 
Leukotrienes C4 and D4 have potent contractile activity on preparations of airway 
and vascular smooth muscle from the lung (Drazen et ai., 1980; Dahlen et ai., 
1980; Hand et ai., 1981; Krell et ai., 1981; Jones et ai., 1982). These substances 
have significant bronchoconstrictor activity in a variety of species (Drazen et ai., 
1980; Holroyde et ai., 1981; Smedegard et ai., 1982). However, little has been 
written about the effects of the leukotrienes on the pulmonary vascular bed. In the 
monkey, the predominant response to injection of LTC4 is a fall in pUlmonary 
arterial pressure, whereas aerosol administration of LTC4 caused a marked rise in 
pulmonary arterial pressure (Smedegard et ai., 1982). In the rat, injections of LTC4 
caused a dose-related fall in pulmonary arterial pressure (Iacopino et ai., 1983). In 
contrast to studies with LTC4 in the rat and monkey, LTD4 caused a marked increase 
in pulmonary vascular resistance in the newborn lamb when injected into the pul
monary artery (Yokochi et ai., 1982). However, less is known about responses to 
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L TD4 on the pUlmonary vascular bed of the mature animal (Kadowitz and Hyman, 
1984). The purpose of this chapter is to describe and compare responses to L TD4 
in the pulmonary vascular bed of cat and sheep under conditions of controlled blood 
flow using recently described methods (Hyman and Kadowitz, 1975, 1979; 
Kadowitz and Hyman, 1983). 

3. RESULTS 

3.1. Responses to L TD4 in the Sheep 

Lobar vascular responses to L TD4 in the intact-chest sheep were studied in 11 
animals, and these data are presented in Table 1. Under constant-flow conditions, 
intralobar injections of L TD4 in doses of 0.1-1 J..Lg caused significant dose-related 
increases in lobar arterial and small vein pressures without changing left atrial 
pressure. In the doses employed in the present study in the sheep, LTD4 had no 
significant effect on systemic arterial pressure. The increases in lobar arterial and 
small vein pressures were rapid in onset, and mean vascular pressures returned to 
base-line value over a 0.5 to 4-min period depending on the dose of the leukotriene. 
The lobar arterial-to-small-vein pressure gradient and the gradient from small vein 
to left atrium pressure increased significantly at all doses of LTD4 studied (Table 
II). 

3.2. Influence of Inhibitors in the Sheep 

In order to determine if pulmonary vascular responses to L TD4 in the sheep 
were dependent on formation of products in the cyc100xygenase pathway, the effects 
of sodium mec1ofenamate, a cyc100xygenase inhibitor, and of OKY 1581, a throm
boxane synthesis inhibitor, were investigated. After administration of sodium mec1o-

TABLE I. Influence of Intralobar Injections of Leukotriene D4 on Mean Vascular 
Pressures in the SheepB 

Pressure (mm Hg) 

Lobar Small Left 
artery vein atrium 

Control 15 ± I II ± 5 ± 0 
LTD4 , 0.1 f.lg 26 ± 2* 15 ± 1* 5 ± 0 
Control 17 ± I 12 ± I 5 ± I 
LTD4 , 0.3 f.lg 34 ± 2* 20 ± 2* 5 ± 
Control 15 ± I II ± I 5 ± 
LTD4 , I f.lg 39 ± 2* 22 ± 3* 5 ± 

'n = 11. *p < 0.05 when compared to corresponding control, paired comparison. 

Aorta 

102 ± 4 
103 ± 4 
100 ± 5 
100 ± 5 
97 ± 5 

101 ± 4 
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TABLE II. Influence of Intralobar Injections of Leukotriene D4 on Mean Vascular 
Pressure Gradients in the Sheep Lunga 

Pressure gradient (mm Hg) 

Lobar artery- Lobar artery- Small vein-
left atrium small vein left atrium 

Control 10 ± I 4 ± 1 6 ± 3 
LTD" 0.1 f.Lg 21 ± 4* 11 ± 2* 10 ± 2* 
Control 12 ± I 5 ± 1 7 ± 2 
LTD" 0.3 f.Lg 29 ± 4* 14 ± 3* 15 ± 4* 
Control 10 ± 2 4 ± 1 6 ± 3 
LTD" 1 f.Lg 34 ± 5* 17 ± 4* 17 ± 5* 

an = 10-11. 'P < 0.05 when compared to corresponding control, paired comparison. 

fenamate in a dose of 2.5 mg/kg i. v., the increases in lobar arterial pressure in 
response to LTD4 were reduced markedly at each dose of the leukotriene studied. 
The thromboxane synthesis inhibitor OKY 1581, in doses of 5-10 mg/kg i. v., also 
significantly reduced the increases in lobar arterial pressure in response to the three 
doses of LTD4. However, the inhibitory effects of the cyclooxygenase inhibitor on 
responses to LTD4 were greater than the inhibitory effects of the thromboxane 
synthesis inhibitor. Neither OKY1581 nor sodium meclofenamate had a significant 
effect on pulmonary vascular or systemic arterial pressure in the sheep. The effects 
of sodium meclofenamate and OKY1581 on pulmonary vascular responses to an 
agent whose actions mimic those of thromboxane A2 were also investigated. U-
46619, an agent whose actions are similar to those of thromboxane A2 on smooth 
muscle, caused dose-dependent increases in lobar arterial and small vein pressures 
without affecting left atrial or systemic arterial pressure. The increases in lobar 
arterial pressure in response to U-46619 were not altered after administration of 
sodium meclofenamate, 2.5 mg/kg i.v., or OKY1581, 5-10 mg/kg, i.v. 

In biochemical studies, the effects of OKY1581 on the metabolism of arach
idonic acid and of the prostaglandin endoperoxide PGH2 by microsomal fractions 
from sheep lung were investigated. The addition of [1-14C]arachidonic acid (20 
jl.M) to the microsomal fraction (200 jl.g protein) resulted in the formation of 6-
keto-PGF I ,., the stable breakdown product of PGI2, 255 ± 21 pmol, and TxB2' 
the stable breakdown product of TxA2' 230 ± 19 pmollhr in the absence of the 
inhibitor. Prostaglandins F2a , Ez, and D2 were also formed. However, when OKY1581 
was added to the incubation medium in concentrations of 10-9 M or greater, the 
formation of TxB2 was reduced to 37% of control at 10-7 M and 31 % of control 
at lQ-6 M. Moreover, the synthesis of 6-keto-PGFla was not decreased at concen
trations of OKY1581 up to lQ-6 M. The formation of PGF2a, PGE2, and PGD2 
was not decreased by OKY1581 in concentrations up to lQ-6 M. 

The influence of OKY1581 on endoperoxide metabolism by sheep lung mi
crosomal fraction was also investigated. In the absence of inhibitor, 166 ± 15 pmol 
of 6-keto-PGF In and 161 ± 17 pmol of TxB2 were formed per 2-min period when 
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10 f.LM PGH2 was added to 200 f.Lg microsomal protein. Prostaglandin F2a , PGE2 , 

and PGD2 were also formed from PGH2. However, addition of OKY1581 in con
centrations of 10-9 M or higher reduced the formation of TxB2. Formation of TxB2 
was reduced by more than 80% at the higher concentrations of the inhibitor. The 
formation ofPGF2a . PGE2, 6-Keto-PGF1a. or PGDz was not reduced by OKY1581. 

The effects of the cyc100xygenase and thromboxane synthesis inhibitors on 
responses to arachidonic acid were also investigated in the sheep. Intralobar injec
tions of arachidonic acid in doses of 30 to 100 f.Lg caused a significant dose-dependent 
increase in lobar arterial pressure without affecting left atrial pressure. The increases 
in lobar arterial pressure in response to arachidonic acid were markedly decreased 
after administration of sodium mec1ofenamate, 2.5 mg/kg i. v. The increases in 
lobar arterial pressure in response to arachidonic acid were also decreased signif
icantly after administration of OKY1581, 5-10 mg/kg i.v. 

3.3. Influence of Ventilation on Responses to L TD4 in the Sheep 

The relationship between the effects of L TD4 on ventilation and on the pul
monary vascular bed was studied in four sheep. In these experiments, responses to 
L TD4 were obtained when the lung was ventilated and when lobar ventilation was 
arrested at end-expiration by inflating a balloon catheter in the left lower lobe 
bronchus. In these experiments, the left lower lobe was perfused with arterial blood 
to lessen the effects of hypoxia on the lung, and 1-3 ml of a 2% lidocaine viscous 
solution was instilled into the lobar bronchus to prevent coughing. The correlation 
between the increases in lobar arterial pressure in response to intralobar injections 
of LTD4, 0.1-1 f.Lg, when the lobe was ventilated and when lobar ventilation was 
arrested was very good. The correlation coefficient of the regression line was 0.90 
(P < 0.05) with a slope of 0.83 that was not significantly different from the line 
of identity. These data indicate that responses to L TD4 are similar when the lobe 
is ventilated and when ventilation is arrested. 

3.4. Species Variation in the Response to L TD4 

In order to determine if responses to LTD4 varied with species, the effects of 
LTD4 on the pulmonary vascular bed were investigated in the intact-chest cat, and 
these data are summarized in Table III. Intralobar injections of LTD4 in doses of 
0.3, 1, and 4 f.Lg caused small but significant dose-related increases in lobar arterial 
pressure without affecting left atrial pressure. Systemic arterial pressure was in
creased significantly in response to intralobar injections of the 1- and 3-f.Lg doses 
of LTD4. Although lobar vascular responses to LTD4 were modest in the cat, U-
46619 had marked vasoconstrictor activity (Table III). As shown earlier, both LTD4 
and U -46619 had marked vasoconstrictor activity in the sheep pulmonary vascular 
bed, and the dose-response curves for both substances in this species were super
imposable. However, in the cat, U-46619 had far greater vasoconstrictor activity 
than did L TD4. 



294 PHILIP J. KADOWITZ et al. 

TABLE III. Influence of Intralobar Injections of Leukotriene D4 and U-46619 on 
Mean Vascular Pressures in the CatB 

Pressure (mm Hg) 

Lobar artery Left atrium Aorta 

Control 14 ± 3 ± 110 ± 5 
LTD., 0.3 fLg 16 ± 1* 3 ± 113 ± 5 
Control 13 ± 2 ± 110 ± 8 
LTD., I fLg 16 ± 1* 2 ± 119 ± 6* 
Control 13 ± I 3 ± 115 ± 10 
LTD., 3 fLg 21 ± 2* 3 ± 124 ± 11* 
Control 14 ± 2 3 ± 130 ± 8 
U-46619, 0.003 fLg 20 ± 3* 2 ± 133 ± 7 
Control 12 ± I 3 ± 124 ± 9 
U-46619, 0.01 fLg 23 ± 3* 3 ± 130 ± 7 
Control II ± 2 3 ± 118 ± 6 
U-46619,0·03fLg 28 ± 4* 4 ± 2 124 ± 8 

an = 6-9. 'P < 0.05 when compared to corresponding control, paired comparison. 

In other experiments in the sheep or in the cat, responses to LTD4 were similar 
when the lung was perfused with blood or with low-molecular-weight dextran. The 
role of the cyclooxygenase pathway in the mediation of pulmonary vascular re
sponses to LTD4 was also investigated in the cat. Administration of indomethacin 
or sodium meclofenamate, 2.5 mg/kg i.v., had no significant effect on pulmonary 
vasoconstrictor responses to U-46619 or LTD4 in the cat. The increases in systemic 
arterial pressure in response to the 1- and 3-f.Lg doses of LTD4 were not altered by 
the cyclooxygenase inhibitors. However, the cyclooxygenase inhibitors in the doses 
employed significantly reduced the increases in lobar arterial pressure in response 
to intralobar injections of arachidonic acid. The cyclooxygenase inhibitors had no 
significant effect on pulmonary vascular or systemic arterial pressure in the cat. 

4. DISCUSSION 

Experiments in the intact-chest sheep demonstrate that intralobar injections of 
LTD4 increase pulmonary lobar arterial pressure in a dose-related manner (Kadowitz 
and Hyman, 1984). Since pulmonary blood flow was maintained constant and left 
atrial pressure was unchanged, the increase in pressure gradient across the lung 
lobe suggests that pulmonary lobar vascular resistance was increased by LTD4 
(Kadowitz and Hyman, 1984). The increases in lobar arterial pressure in response 
to LTD4 were associated with dose-related increases in small intrapulmonary vein 
pressure. In addition to increasing lobar arterial and venous pressures, LTD4 in
creased the pressure gradient from lobar artery to small vein. These experiments 
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in sheep suggest that L TD4 increases pulmonary vascular resistance by constricting 
intrapulmonary veins and segments upstream to the small vein, which are believed 
to be small arteries (Kadowitz and Hyman, 1984). Results obtained in mature 
animals are consistent with results in the newborn lamb in which LTD4 increased 
pulmonary and systemic vascular resistances and decreased cardiac output (Y okochi 
et al., 1982; Kadowitz and Hyman, 1984). It has been reported that LTD4 has 
potent coronary vasoconstrictor activity in the sheep that can be associated with 
left ventricular impairment (Michelassi et al., 1982). However, in the sheep, LTD4 
had no significant effect on systemic arterial or left atrial pressures in the range of 
doses studied. The effects of L TD4 on left atrial pressure in the newborn lamb were 
not measured, so the mechanism of the fall in cardiac output is uncertain (Yokochi 
et al., 1982). The effects of L TD4 on the systemic vascular resistance of the newborn 
lamb appear to be greater than those observed in the mature animal. 

In terms of relative pressor activity in the pulmonary vascular bed of the sheep, 
LTD4 was very potent, with activity paralleling that of U-46619, a stable prosta
glandin analogue whose actions are thought to mimic those of thromboxane A2 
(Coleman et al., 1981). Moreover, when compared to ther vasoactive hormones 
whose effects have been studied in the sheep, LTD4 is far more active than other 
arachidonic acid metabolites, alveolar hypoxia, or histamine, which acts over a 
similar portion of the pulmonary vascular bed and is released along with the leu
kotrienes in immediate hypersensitivity reactions (Brocklehurst, 1960; Kadowitz et 
al., 1974; Hyman and Kadowitz, 1975; Kadowitz and Hyman, 1983). 

It has been reported that L TD4 has potent contractile activity on isolated airway 
smooth muscle and lung parenchyma and that it increases bronchomotor tone (Dah
len et al., 1980; Drazen et al., 1980; Krell et al., 1981; Holroyde et al., 1981; 
Jones et al., 1982). However, in the intact-chest sheep, the effects of LTD4 on the 
pulmonary vascular bed appear to be independent of alterations in ventilation or 
those that occur as a consequence of changes in bronchomotor tone or lung volume, 
since similar responses were obtained when the lobe was ventilated or when lobar 
ventilation was arrested by obstruction of bronchial airflow. In previous studies, 
responses to a number of vasoactive substances including cyclooxygenase metab
olites of arachidonic acid and histamine were similar when the lobe was ventilated 
and when lobar ventilation was arrested, suggesting that the actions of these vaso
active hormones on pulmonary vascular resistance appear to be independent of 
alterations in bronchomotor tone (Hyman et al., 1978; Kadowitz and Hyman, 1983). 
In both the cat and in the sheep, pulmonary hypertensive responses to LTD4 were 
similar when the lung was perfused with blood or low-molecular-weight dextran. 
Thus, responses to LTD4 in both species are not dependent on the interaction with 
formed elements in blood. 

In the sheep, pulmonary vasoconstrictor responses to LTD4 were markedly 
attenuated after treatment with sodium meclofenamate, suggesting that responses 
to this lipoxygenase product are dependent on the formation of products in the 
cyclooxygenase pathway. In addition, vasoconstrictor responses to LTD4 were de-
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creased by OKY1581, a thromboxane synthesis inhibitor. These data suggest that 
a substantial portion of the pulmonary vasoconstrictor response to LTD4 is mediated 
by the release of thromboxane A2. The observation that meclofenamate had greater 
inhibitory effect on responses to LTD4 than did OKY1581 suggests that pulmonary 
vasoconstrictor responses to this Jipoxygenase metabolite are dependent on the 
formation of thromboxane A2 and other cyclooxygenase products such as prosta
glandins (PG) D2 and F2a , which have substantial pressor activity in the pulmonary 
vascular bed (Kadowitz et al., 1974; Kadowitz and Hyman, 1980). It has been 
shown that injections of SRS-A or synthetic LTC4 and LTD4 cause the release of 
prostaglandins and TxA2 from isolated guinea pig lung (Engineer et al., 1978; Piper 
and Samhoum, 1981). Cyclooxygenase inhibitors have been shown to reduce the 
contractile effects of LTD4 on guinea pig lung parenchymal strips (Piper and 
Sarnhoum, 1981). The results of the present experiments in the sheep are con
sistent with data obtained with isolated guinea pig parenchyma and on broncho
constrictor responses in the guinea pig indicating that responses to L TD4 are de
pendent on the release of TxA2 and prostaglandins (Piper and Samhoum, 1981; 
Weichman et al., 1982). 

A similar relationship between these inhibitors and responses to arachidonic 
acid was also observed in that there was a greater reduction in response to LTD4 
after treatment with meclofenamate than after OKY1581. These data confirm pre
vious studies showing that pulmonary vasoconstrictor responses to arachidonic acid 
occur through formation of products in the cyclooxygenase pathway (Hyman et al., 
1978, 1980; Spannhake et al., 1980) and extend these findings by showing that a 
portion of the response is attributable to TxA2 formation. 

Although responses to L TD4 and arachidonic acid were markedly reduced by 
meclofenamate, this cyclooxygenase inhibitor had no significant effect on pulmo
nary vasoconstrictor responses to U-46619, an analogue whose actions are thought 
to mimic those of thromboxane A2 (Coleman et al., 1981). These data indicate that 
sodium meclofenamate inhibited cyclooxygenase activity in the pUlmonary vascular 
bed and that the cyclooxygenase inhibitor did not influence vascular responses to 
the thromboxane mimic. In addition, vasoconstrictor responses to U-46619 were 
not altered by OKY1581 in doses that inhibited responses to LTD4 and arachidonic 
acid. These results also suggest that the thromboxane synthesis inhibitor did not 
alter thromboxane receptor-mediated responses and that the effects of the inhibitor 
were caused by inhibition of the formation of thromboxane A2. 

The inhibition of thromboxane A2 synthesis was also investigated in micro
somal fractions from sheep lung (She et al., 1981; Spannhake et al., 1983). The 
results of these studies show that OKY1581 inhibited the formation of TxA2 as 
measured by formation of its stable breakdown product TxB2. Thromboxane B2 
formation was inhibited over a wide range of concentrations of OKY1581 when 
either arachidonic acid or the endoperoxide, PGH2, was employed as substrate. 
Although TxB2 formation was decreased by OKY1581, PGI2 formation as measured 
by the production of 6-keto-PGF I a was not inhibited even at very high concentrations 
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of the thromboxane synthesis inhibitor. Prostaglandins E2, F2,,, and D2 were formed 
when PGH2 or arachidonic acid was added to the microsomal fractions. It is not 
known if this prostaglandin synthesis was enzymatic; however, the amount of these 
substances formed was not decreased by OKY1581 and, in the case of PGE2, was 
enhanced by the inhibitor. Since the total amount of product formed from arachi
donic acid (6-keto-PGF1a , TxB2, PGF2a , PGE2, and PGD2) was not decreased 
although TxB2 formation was reduced, it is unlikely that OKY 1581 had a significant 
inhibitory effect on sheep lung cyclooxygenase activity. These experiments suggest 
that effects of OKY1581 on responses to L TD4 and arachidonic acid are caused by 
inhibition of thromboxane synthetase activity and not by an effect on cyclooxygenase 
activity or on thromboxane receptor-mediated activity in the pulmonary vascular 
bed of the sheep. In other experiments in lung homogenates taken from sheep 
receiving OKYI58L 5-10 mg/kg i.v., TxB2 formation was greatly reduced. 

The results of studies in the sheep demonstrate that LTD4 has very potent 
vasoconstrictor activity in the pulmonary vascular bed of this species and that this 
activity occurs for the most part through release of products in the cyclooxygenase 
pathway. However. the effects of L TD4 in the pulmonary vascular bed of the sheep 
and the cat are different. In the cat, L TD4 had only modest pressor activity equal 
to that of arachidonic acid and far less than that of PGF2a , PGD2 , or PGE2 in that 
species (Kadowitz and Hyman, 1980). Furthermore, in this species, cyclooxygenase 
blockers did not modify responses to this lipoxygenase product. 

Although the relative magnitude of responses to L TD4 as well as the mechanism 
of action differ in the sheep and the cat, both species were extremely sensitive to 
the effects of U -46619. Thus, there appears to be true species variation in the 
pulmonary vascular response to this lipoxygenase metabolite. This variation was 
not observed with U -46619, which may operate via TxA2 receptors in the pUlmonary 
vascular bed. In addition to demonstrating marked species variation in the response 
to L TD4 • the present data may be interpreted to suggest that LTD4 itself does not 
have potent vasoconstrictor activity in the lung when the cyclooxygenase system 
is blocked. Moreover, the remaining pressor activity of LTD4 in the sheep after 
cyclooxygenase blockade and the pressor activity in the cat, which were very similar, 
suggest that the activity of this lipoxygenase metabolite is far less than that of 
products of the cyclooxygenase pathway such as TxA2, PGF2a , PGD2 (Kadowitz 
and Hyman, 1977, 1980). The data from the present study suggest that it would 
be difficult to formulate a unified hypothesis on the role of LTD4, a major component 
of SRS-A, on the pUlmonary circulation since species variation is so marked. 
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Platelet-Activating Factor as a 
Modulator of Cardiac and 
Coronary Functions 
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ROBERT E. GOLDSTEIN 

1. INTRODUCTION 

29 

Platelet-activating factor (PAF) is a phospholipid that is produced by white blood 
cells and platelets (Demopoulos et al., 1979; Benveniste el al., 1982). It is released 
from these cellular elements during systemic anaphylaxis or stimulation by IgE or 
nonimmune stimuli (e.g., calcium ionophore) in vitro. Systemic anaphylaxis is 
accompanied by severe cardiovascular decompensation, which was previously at
tributed to histamine release. However, histamine antagonists cannot block the 
cardiovascular consequences of systemic anaphylaxis. Recently, it was shown that 
purified P AF (1-0-hexadecy 1-2-acety l-sn-gl ycery 1-3 -phosphocholine) can produce 
anaphylacticlike hypotension in experimental animals (Feuerstein et al., 1982; 
Benveniste et al., 1983; Halonen et al., 1980). Moreover, platelets were also asso
ciated with nonimmune pathophysiological processes: aggregation and thrombus 
formation on injured blood vessels. Thus, PAF may playa significant role in me
diating the sequelae of plateletlblood vessel interactions, e.g., platelet-mediated 
coronary constriction. Since the heart shows profound pathological changes in 
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anaphylaxis (Zavecz and Levi, 1977; Cappuro and Levi, 1975), and platelet
related coronary spasm is suspected in patients suffering from ischemic heart 
disease, experiments (Addonazio et al., 1982) were designed to study the direct 
effect of PAF on cardiac and coronary functions in the intact domestic pig heart. 

2. MATERIALS AND METHODS 

Domestic pigs (9-12 weeks old) weighing 25-35 kg were sedated with ke
tamine hydrochloride (20 mg/kg per hr i. v.) and anesthetized with pentobarbital 
sodium (2-4 mg/kg per hr i. v.). The pigs were ventilated with a Harvard respirator 
modified to deliver 3 cm H20 positive end-expiratory pressure. Ventilatory rate and 
inspired oxygen concentration were adjusted to maintain arterial partial presssure 
of 02(P02) (80-120 mm Hg) and partial pressure of COiPC02, 35-40 mm Hg; 
Blood Gas Analyzer model 213, Instrumentation Laboratories, Lexington, MA). 
Hematocrit was 25-32% (normal for pigs of this age). Catheters filled with hepa
rinized saline were placed in the jugular vein and internal mammary artery. The 
left ventricular cavity was catheterized via the carotid artery. Rectal temperature 
was maintained at 37.5-38.0°C by an external heating pad. Mean systemic arterial 
blood pressure (MBP), left ventricular pressure, and lead II of the standard elec
trocardiogram (ECG) were monitored continuously. In addition, a surface ECG was 
recorded from the region supplied by the distal left anterior descending (LAD) 
coronary artery using a saline-soaked cotton wick electrode. 

A left lateral thoracotomy was performed, and the heart was suspended in a 
pericardial cradle. A circumferential electromagnetic flow probe was placed around 
an exposed proximal portion of the LAD and attached to a Model 501D Carolina 
square-wave flowmeter (Carolina Medical Electronics, King, NC). A fine Tygon 
catheter used for the administration of P AF was introduced into the LAD several 
millimeters distal to the flow probe (Herd and Barger, 1964). Flow probe calibration 
was checked prior to study by comparison of flowmeter readings with the results 
of timed collection of blood flow. Pure synthetic 1-0-hexadecyl-2-acetyl-sn-glycero-
3-phosphocholine (PAF) was kindly provided by Dr. F. Snyder (Oak Ridge As
sociated Universities, Oak Ridge, TN). The PAF was dissolved in sterile, pyrogen
free 0.9% NaCI (vehicle) and loaded into the LAD catheter in 0.1 ml, followed by 
a 0.5 ml vehicle flush (catheter volume 0.2 ml). The pH of all injection solutions 
was 7.15-7.20. After base-line recording of heart rate (HR), MBP, and mean LAD 
coronary blood flow (CBF), a 0.5-ml bolus of the vehicle was injected into the 
LAD. Twenty-five to 30 min later, individual bolus doses of PAF were injected 
over 20 sec in an ascending order: 0.03, 0.1, 0.3, 1, and 10 nmol. After each 
injection, all parameters were continuously monitored for 10-15 min or until the 
complete return of parameters to baseline. 

In addition, experiments were conducted to study the effect of continuous 
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infusion of PAF into the LAD: PAF, 1-6 nmol/min, was continuously infused for 
5 to 8 min. In these experiments regional contractility was also assessed by the 
ultrasound technique measuring the shortening of the myocardial fibers in the area 
supplied by the LAD. 

2.1. Assay of Plasma TXB2 and 6-Keto-PGF1a 

Blood was rapidly withdrawn from the catheter in the left ventricle or the 
coronary vein along the LAD. Plasma was separated by rapid centrifugation 
(Beckman microfuge B) and immediately frozen on dry ice. Thromboxane B2 
and 6-keto-PGF la were determined by radioimmunoassay as previously described 
(Granstrom and Kindahl, 1976). 

2.2. Assay of Plasma Lactate 

Plasma lactate was assayed by a routine biochemical method. 

2.3. Assay of Plasma Leukotriene C4 Immunoreactivity 

Plasma was separated as previously described, and LTC4-like immunoreactivity 
was determined as previously described (Hayes et at .. 1983). 

3. RESULTS 

Figure I shows the effect of bolus injection of 0.3 nmol PAF into the LAD. 
The CBF exhibited a biphasic response: first a brief increase followed by a more 
prolonged decrease. Both phases were observed at a time at which no significant 
systemic changes could be observed. Both changes in CBF were dose dependent: 
the first phase of increase in CBF reached a maximum of + 50% at the highest 
dose (10 nmol, Fig. 2); the second phase showed a dose-dependent decrease in 
CBF (Fig. 3) that exceeded 90% at the highest dose (10 nmol). Although the dilatory 
phase of the LAD at all doses was not accompanied by systemic effects, the higher 
doses of PAF (1-10 nmol) also produced hypotension during the peak of reduction 
of CBF. During this latter phase, however, calculated coronary resistance showed 
a significant increase from 2.61 ± 0.26 to 18.4 ± 0.68 mm Hg/ml per min after 
the highest bolus dose of PAF. 

Infusion of PAF at 1 nmollmin into the LAD (Fig. 4) had no significant effect 
on CBF, coronary resistance, or MAP; heart rate was increased (about 30%). End
diastolic myocardial segment length and extent of myocardial shortening in the 
territory of the LAD decreased throughout the infusion period, but complete recovery 
was observed about 10 min after the infusion. During infusion of a higher dose of 
PAF (3 nmol/min), local segment length and shortening were markedly diminished 
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FIGURE 1. Effect of intracoronary PAF, 0.3 nmol, on coronary blood flow (CBF) and systemic 
hemodynamic variables in a domestic pig. MBP, mean blood pressure; HR, heart rate; dp/dt, 
peak rate of rise of left ventricular pressure; abscissa, time in seconds after PAF administration 
into the left anterior descending coronary artery. 

along with reduction of left ventricular end-diastolic pressure (LVEDP). However, 
CBF and coronary resistance were not reduced (Fig. 5). 

During PAF-induced reduction in CBF sufficient to produce cardiac ischemia, 
there was an increase in plasma lactate in the coronary vein, an increase in plasma 
thromboxane B2 in both the arterial and coronary venous circulation, and no change 
in leukotriene C4-like immunoreactivity (Fig. 6). 
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FIGURE 2. Initial increase in coronary blood flow (CBF) after intracoronary PAF administration 
(first phase in Fig. 1). Ordinate, percentage increase from basal level; abscissa, dose of PAF 
in nanomoles. Vertical bars represent standard errors. Curve is fitted by standard techniques. 
Data from five to seven pigs. 
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FIGURE 3. Subsequent decrease in coronary blood flow after intercoronary PAF administration 
(second phase in Fig. 1). Ordinate, percentage decrease from basal level; abscissa, dose of 
PAF in nanomoles. Curve is fitted as above. Data from five to seven pigs. 
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FIGURE 4. Effects of low-dose PAF infusion into the coronary artery of a domestic pig. LVEOP, 
left ventricular end-diastolic pressure; CBF, coronary blood flow; CR, coronary resistance; MAP, 
mean arterial presure; HR, heart rate (beats per minute); DIS, distance (mm) between the 
crystals in end-diastole/end-systole; O-S, shortening of the region between the crystals (mm); 
SF, shortening fraction, (O-S)/O, presented as a percentage. Black horizontal bar represents 
the length of the infusion of PAF (1 nmol/min). Closed symbols are data obtained after the 
infusion. 

4. DISCUSSION 

The data presented in this chapter suggest that PAF is a potent vasoactive 
substance with powerful effects on coronary and systemic hemodynamics. These 
data, obtained on an intact domestic pig heart, agree with recent studies conducted 
on isolated perfused guinea pig heart (Benveniste et al., 1983; Levi et al., 1984). 
However, unlike other vasoactive substances, bolus injections of PAF produced a 
complex effect on coronary tone. Initial brief coronary dilation was followed by 
an increase in coronary resistance and reduced coronary flow. The first phase, 
increase in coronary blood flow, seemed to be a direct effect of P AF since it was 
not blocked by indomethacin. The second phase, reduced coronary blood flow, 
might be partially attributed to systemic hypotension but primarily to increased 
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FIGURE 5. Effects of high-dose PAF infused into the coronary artery of a domestic pig heart. 
Symbols on ordinate are given in Fig. 4; open symbols are data obtained during infusion of 
PAF; closed symbols are data obtained after the infusion. 

coronary resistance. The PAF-induced coronary constriction is probably mediated 
by a cycIooxygenase metabolite of arachidonate since it is effectively blocked by 
indomethacin (Feuerstein et al., 1984a). 

Continuous infusion of a low dose of P AF revealed additional aspects of PAF 
interference with cardiac function. First, the low dose of PAF infusion did not 
reduce CBF. On the contrary, some increase in CBF is observed as a result of 
reduced coronary resistance. Also, except for mild tachycardia, no changes in 
systemic variables were observed. However, contractile performance in the area 



308 

20 

15 

">l!!. 
~ 10 
E 

5 

0 

3 

E 
0 1.5 
t:: 

0 

2 

E 1 0 
t:: 

LACTATE 

Ac 

TXB2,ir 

LTC4'ir 

* 

GIORA FEUERSTEIN et 81. 

FIGURE 6. Plasma lactate. TXB2• and L TC4, 

like immunoreactivity (ir) during cardiac is, 
chemia produced by PAF infusion into the cor' 
onary artery. Ac. arterial plasma levels at control 
period; ~. arterial plasma levels during PAF in, 
jection; Ve• venous plasma levels during control 
period; Vp• venous plasma levels during PAF 
injection. The biochemical data were obtained 
from four pigs. 

perfused with low-dose PAF was significantly affected. Local shortening fraction 
decreased along with a decrease in end-diastolic pressure and local segment length. 
The latter changes indicate a reduction in left ventricular diastolic filling, perhaps 
reflecting PAF-induced peripheral venous pooling. Although diminished ventricular 
filling can, in itself, decrease systolic shortening, it is possible that a direct, PAF
mediated negative inotropic action is also involved. Further studies are needed to 
resolve the origin of the diminished myocardial shortening. Nevertheless, our results 
do identify a PAF-related reduction in contractile performance that may figure 
significantly in hypotension associated with PAF administration. Infusion of a larger 
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dose of PAF also reduced the local shortening fraction without reducing the CBF, 
but mild hypotension, tachycardia, and substantially reduced left ventricular end
diastolic pressure were observed. 

These data taken together clearly indicate a substantial difference between 
leukotriene and PAF: the former substance generally cannot maintain a reduced 
coronary blood flow and contractility when infused in high doses to the coronary 
artery (Ezra et al., 1984); P AF not only maintains its cardiac effects in most instances 
but also causes further hemodynamic deterioration, which ultimately leads to shock. 
Therefore, it is likely that PAF is the more important mediator of anaphylactic 
shock than the cysteinyl leukotrienes. 

Infusion of P AF to the coronary artery also revealed that P AF is a potent 
stimulus to enhance the metabolism of arachidonate through the cyclooxygenase 
pathway. Plasma levels of thromboxane were markedly elevated in the coronary 
vein and systemic circulation. Therefore, it is pertinent to conclude the TXA2 

generation took place in extracardiac elements, probably platelets. 
In summary, the experiments conducted on the intact domestic pig heart clearly 

indicate that P AF can produce all of the cardiac and systemic hemodynamic con
sequences of acute anaphylactic shock: hypotension, cardiac ischemia, arrhythmias, 
and contraction dysfunction. The interaction of PAF with the cardiac and vascular 
tissue is complex and involves both direct (e.g., vascular dilation) and indirect 
(coronary constriction) actions, the latter most probably thromboxane mediated. 

Although PAF release has been related primarily to acute hypersensitivity 
reactions (e.g., anaphylaxis), it is important to note that PAF might playa role in 
many different pathological processes that are related to platelets (Dryfuss and 
Zahavi, 1973). Of particular interest in this regard are spastic events of the coronary 
arteries seen in variant angina syndromes. Hyperaggregability of platelets to injured 
blood vessels (i.e., minimal atherosclerosis, injured endothelium) might lead to 
local release of PAF. Since PAF is also a potent chemoattractant and activator of 
polymorphonuclear cells (Pinckard et al., 1979), it is conceivable that many of 
these activated cellular elements (platelets, WBC) and their products (leukotrienes, 
PAF, thromboxane) act in concert to modulate coronary tone and cardiac function. 
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Distinct Sulfidopeptide 
Leukotriene Receptors 

BARBARA J. BALLERMANN, TAK H. LEE, 
ROBERT A. LEWIS, and K. FRANK AUSTEN 

1. INTRODUCTION 

30 

The oxidative metabolism of arachidonic acid by 5-lipoxygenase to form 5-hydro
peroxy-6-trans-8, 11, 14-cis-eicosatetraenoic acid (5-HPETE) is followed by enzy
matic conversion of 5-HPETE to 5,6-oxido-7,9-trans-ll,I4-cis-eicosatetraenoic acid 
(LTA4)' An epoxide hydrolase converts LTA4 to 5S,I2R-dihydroxy-6,I4-cis-8,1O
trans-eicosatetraenoic acid (LTB4), whereas a glutathione-S-transferase adducts glu
tathione to yield 5S-hydroxy-6R-S-glutathionyI-7 ,9-trans-II, 14-cis-eicosatetrae
noic acid (LTC4). Sequential cleavages by -y-glutamyltranspeptidase of glutamic 
acid and by a dipeptidase of glycine form 5S-hydroxy-6R-S-cysteinylglycyl-7,9-
trans-11,I4-cis-eicosatetraenoic acid (LTD4) and 5S-hydroxy-6R-S-cysteinyl-7, 9-
trans-II,I4-cis-eicosatetraenoic acid (L TE4), respectively. Leukotrienes C4, D4, 
and E4 are generically described as sulfidopeptide leukotrienes and constitute the 
activity previously termed slow reacting substance of anaphylaxis (Samuelsson, 
1983; Lewis and Austen, 1984). The evidence indicating that the sulfidopeptide 
leukotrienes exert their physiological effects through interaction with several distinct 
receptors includes their differential functional activities on different tissues, the 
differential effects of pharmacological inhibitors on the agonist effects of the three 
sulfidopeptide leukotrienes, different receptor characteristics defined by radioligand 
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binding studies, and apparent differences in the subcellular distribution of sulfi
dopeptide leukotriene binding sites. 

2. FUNCTIONAL EVIDENCE FOR DISTINCT SULFIDOPEPTIDE 
LEUKOTRIENE RECEPTORS 

The molar concentrations of sulfidopeptide leukotrienes required to produce 
equivalent degrees of smooth muscle contraction in vitro are in a ratio for 
LTC4 : LTD4 : LTE4 of 1 : 0.2 : 1.2 in guinea pig ileum, 1 : 0.1 : 0.3 in guinea 
pig lung parenchymal strips, and 1 : 1 : 0.1 in guinea pig tracheal spirals (Lewis 
et at., 1980; Drazen et at., 1983; Lee et at., 1984). The ratios of the molar 
concentrations of L TC4 : L TD4 : LTE4 that reduce human and guinea pig myocar
dial contractility in vitro are 1 : 0.04 : 10 and 1 : 0.1 : 200, respectively (Burke et 
at., 1982). The vasoconstrictor action of LTC4 in the renal vasculature of the rat 
was more potent than that of LTD4, whereas L TE4 was almost without effect 
(Rosenthal and Pace-Asciak, 1983). After intradermal injection into humans, the 
potencies of the three sulfidopeptide leukotrienes were relatively equivalent in elic
iting a wheal and flare (Soter et al., 1983). Thus, the potency order of physiological 
leukotriene action in guinea pig ileum and heart and in human myocardium is 
L TD4 > L TC4 > L TE4, in guinea pig lung parenchymal strips is L TD4 > 
LTE4> LTC4, in guinea pig trachea is LTE4> LTD4 = LTC4, and in the rat 
renal vasculature is LTC4 > LTD4 ~ LTE4. 

Further evidence for separate modes of action of L TC4 and L TD4 is provided 
by the distinct patterns of the time dependence of the elicited spasmogenic responses 
in smooth muscle. The contraction of guinea pig ileal smooth muscle strips produced 
by LTC4 requires a 60-sec latent period after exposure to LTC4, whereas the con
traction of guinea pig ileum produced by LTD4 is immediate. By use of radiolabeled 
LTC4 and sequential RP-HPLC analysis of the molecular integrity of the agonist, 
the contractile response in guinea pig ileal strips was shown to be caused by a 
direct action of that compound and not by its conversion to LTD4. Inhibition of 
the conversion of L TC4 to L TD4 by serine-borate complex did not extend the 
latency period required for the contractile response to LTC4, further reinforcing the 
notion of different signaling mechanisms for LTC4 and LTD4 (Krilis et at., 1983a). 

Whereas L TC4 and L TE4 elicited monophasic contractions in guinea pig pe
ripheral airway strips, LTD4 evoked a biphasic response, that is, a partial dose
dependent contraction that plateaued at concentrations in the range of 10-11 M 
LTD4, followed by a progressive response with concentrations of LTD4 > 10-10 

M that reached its maximum at 10-8 M. Although FPL55712 inhibited the contractile 
response of guinea pig lung parenchymal strips to low concentrations of LTD4, it 
was without effect on the spasmogenic response to high concentrations of LTD4 or 
on any portion of the monophasic LTC4 response. These initial physiological ob
servations prompted the suggestion that LTC4 and LTD4 act through distinct re-
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ceptors (Drazen et ai., 1980). More recent studies demonstrated that the LTC4 
response and the high-concentration L TD4 response in guinea pig lung parenchymal 
strips are inhibited by the calcium channel blocker diltiazem in contrast to the 
inhibition of the response to low concentrations of L TD4 only with FPL55712. 
Combination of the two inhibitors attenuated the contraction of lung parenchymal 
strips at all concentrations of L TD4 (Drazen and Fanta, 1984), suggesting that the 
biphasic L TD4 effects were mediated through two separate receptors and that the 
effect of high concentrations of L TD4 might be mediated through the same receptor 
as that for LTC4 . The smooth muscle contractile action of LTE4 is generally less 
potent than that of LTD4 and LTC4, which would be consistent with a low-affinity 
interaction with either or both of the receptors considered to mediate L TC4 and 
LTD4 action. Guinea pig tracheal smooth muscle, however, was shown to be more 
sensitive to the contractile influence of LTE4 when compared to LTC4 or LTD4, 
indicating that a distinct L TE4 subclass receptor might exist in this tissue (Drazen 
et at., 1983). 

In addition, exposure of guinea pig tracheal smooth muscle but not lung 
parenchymal strips to LTE4 followed by washing and return of tension to base-line 
level results in hyperresponsiveness to subsequent stimulation with histamine, an 
effect that is not produced by L TD4 or L TC4 at concentrations resulting in equivalent 
initial contractile responses. This LTE4-mediated effect was not inhibited by low
dose FPL55712, which blocked the contractile phase but was preempted by indo
methacin, which had no effect on the LTE4-induced contraction (Lee et ai., 1984). 
Thus, LTE4-induced airway hyperresponsiveness to histamine was clearly separated 
both in terms of tissue localization and in terms of pharmacological inhibition from 
the general spasmogenic effects of the sulfidopeptide leukotrienes. It nonetheless 
may represent a different postreceptor response in the guinea pig trachea rather than 
yet another separate receptor. 

The differences in the order of relative physiological potencies for the sulfi
dopeptide leukotrienes in various tissues, the differences in the time courses of 
spasmogenic responses to the three compounds in the same tissues, the difference 
in effectiveness of inhibitors, and the distinct effect of LTE4 in producing hyper
responsiveness and in contracting tracheal tissue cannot be explained by interaction 
of these agonists with a single popUlation of receptors even if different affinities 
for each leukotriene are postulated, nor can they be solely accounted for by dif
ferential rates of leukotriene metabolism (Krilis et at., 1983a). Thus, early (Lewis 
et at., 1980; Drazen et at., 1980; Burke et at., 1982) and continuing (Rosenthal 
and Pace-Asciak, 1983; Drazen and Fanta, 1984; Lee et al., 1984) physiological 
and pharmacological studies of the sulfidopeptide leukotriene subclasses indicate 
at least three recognition mechanisms and, in view of the stereochemical require
ments for agonist action (Lewis and Austen, 1984), suggest the involvement of two 
or more distinct receptors. The existence of more than one receptor does not rule 
out interaction of more than one sulfidopeptide leukotriene with each receptor, is 
compatible with different postreceptor response mechanisms, and does not exclude 
actions that bypass plasma membrane receptors. 
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3. RADIOLIGAND BINDING STUDIES WITH [3H]L TC4 

Leukotriene C4 binding sites have been characterized in intact cells, namely, 
a cultured smooth muscle cell line derived from the hamster vas deferens (DDT]) 
(Krilis et ai., 1983b), in intact tissues such as guinea pig ileum smooth muscle 
segments (Krilis et ai., 1984) and whole isolated rat renal glomeruli (Ballermann 
et ai., 1985), and in crude particulate fractions of whole rat lung (Pong et ai., 
1983), guinea pig lung (Bruns et ai., 1983; Hogaboom et ai., 1983), and guinea 
pig ileum (Krilis et ai., 1984; Nicosia et ai., 1984). 

Specific [3H]LTC4 binding to intact DDT] cells in 200 mM tris-HCI buffer, 
pH 7.4, with 1 mM CaCl2 in the presence of 1 mM serine-borate complex at 4°C 
was time dependent and rapidly reversible on addition of excess unlabeled LTC4. 
The L TC4 binding site in this cell line was saturable and displayed a high affinity 
for LTC4 with an equilibrium dissociation constant (Kd ) of 5 nM derived from 
equilibrium binding studies with increasing concentrations of [3H]LTC4. The bind
ing site was highly specific for LTC4 in that LTD4, LTE4, and LTB4 competed 
only at concentrations 2.5-3.0 orders of magnitude above that of the homoligand. 
The putative sulfidopeptide leukotriene antagonist FPL55712 was also relatively 
ineffective in competing for this binding site, with 50% displacement of [3H]LTC4 
occurring at 8 j.LM. Physiologically active analogues of LTC4, 5R,6S-LTC4 , 11-
trans-LTC4 , and the Cl-monoamide derivative of LTC4, were potent competitors 
for [3H]L TC4 binding compatible with this biological activity, whereas deamino
LTC4, an analogue with minimal contractile activity, was ineffective in the binding 
competition assay. These studies with intact cells established the presence of a 
stereospecific subclass receptor for L TC4 (Krilis et ai., 1983b) and were presumptive 
evidence for the existence of separate additional receptors. 

Under assay conditions comparable to those used with DDT] cells, guinea pig 
ileal segments demonstrated similar [3H]L TC4 binding characteristics in terms of 
saturability, reversibility, and binding affinity (Krilis et ai., 1984): the Kd was 7.6 
nM, and the density of binding sites was 0.23 pmollmg protein. It was also observed 
that the density of LTC4 binding sites in a subcellular fraction of guinea pig smooth 
muscle enriched for mitochrondria was 1.6 pmollmg protein as compared to 0.5 
pmollmg protein in the plasma membrane fraction prepared from the same tissue 
(Krilis et ai., 1984). 

Further, the competition studies for [3H]L TC4 with both subcellular fractions 
demonstrated a subclass specific receptor for L TC4 in this tissue known to respond 
to the other natural sulfidopeptide leukotrienes, LTD4 and LTE4. Studies by others 
(Nicosia et ai., 1984) of a crude guinea pig ileum particulate fraction prepared by 
centrifugation of 'the homogenized tissue at 10,000 x g for 15 min suggested a 
nonhomogeneous population of LTC4 binding sites on the basis of a nonlinear 
Scatchard plot and a biphasic eH]LTC4 dissociation curve on the addition of excess 
unlabeled LTC4; LTC4 receptor affinities and receptor densities were not calculated. 
However, nonlinearity of the Scatchard plot in that study is most likely caused by 
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failure to reach an equilibrium at low concentrations of radioligand, because in
cubation was only for 10 min. Biphasic dissociation curves are commonly observed 
when excess unlabeled ligand is used to displace the labeled probe (Pollet et al., 
1977). Such curves do not necessarily identify populations of receptors with different 
affinities but may reflect negative cooperativity or dynamic alterations in receptor 
affinity. 

The [3H]LTC4 binding sites in crude particulate fractions of whole rat lung 
homogenates have been characterized with use of a 50 mM tris-HCI buffer, pH 
7.4, at 4°C with 20 mM CaCI2 . Saturability, time dependence of binding, revers
ibility, and specificity for the homoligand relative to binding inhibition by LTD4, 
LTE4, and FPL55712 were similar to that described for intact DDT! cells. However, 
analysis of equilibrium binding data revealed an equilibrium dissociation constant 
of 41 nM and a receptor density of 31 pmollmg protein (Pong et al., 1983). Thus, 
under assay conditions similar to those used for the study of DDT! cells and guinea 
pig ileal segments, the LTC4 receptor affinity in lung was lower by one order of 
magnitude as compared to 5 nM for DDT! cells and 7.6 nM for guinea pig ileum 
segments (Table I). Furthermore, the receptor density in lung particulate fractions 
was two orders of magnitude greater than that found in intact guinea pig ileum; 
this large L TC4 receptor density in the rat lung particulate fraction may reflect 
subcellular receptors exposed during homogenization as well as some plasma mem
brane receptors. 

Evaluation for L TC4 receptors of a readily accessible portion of the renal 
vasculature, namely, whole rat renal glomeruli, was recently undertaken after phys
iological studies had demonstrated a direct vasoconstrictor effect of L TC4 in the 
kidney (Rosenthal and Pace-Asciak, 1983; Badr et al., 1984). Binding of eH]LTC4 
in 20 mM HEPES buffer at 4°C in the presence of 125 mM NaCl and 5 mM CaCl2 

was time dependent, reversible, and saturable. Equilibrium binding parameters for 
one homogeneous population of L TC4 receptors in this tissue were an equilibrium 
dissociation constant of 30 nM and a receptor density of 8.5 pmol/mg glomerular 
protein (Ballermann et at., 1985). The potency of competition for this binding site 
by LTD4, LTE4, and FPL55712 was three orders of magnitude less than that of the 
homoligand LTC4, similar to findings reported in DDT! cells (Krilis et at., 1983b), 
guinea pig ileum (Kribs et at., 1984), and rat lung (Pong et at., 1983). 

Thus, LTC4 receptors in nonvascular and vascular tissue exhibit a high degree 
of specificity for LTC4 and do not bind L TD4 with an affinity high enough to account 
for pharmacological LTD4 action. The LTC4 receptor affinity differs among tissues 
as evidenced by equilibrium dissociation constants of 5 and 7.6 nM in DDT! cells 
and guinea pig ileum smooth muscle, respectively, contrasted with 41 and 30 nM 
in crude rat lung homogenate particulate fraction and intact rat renal glomeruli, 
respectively, thereby indicating that LTC4 receptors may display a degree .)f het
erogeneity in different tissues or perhaps across species. The demonstration in guinea 
pig ileum of a large number of subcellular L TC4 receptors raises the intriguing 
possibility that L TC4 action may include mobilization of the L TC4 receptors to the 
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plasma membrane or alternatively that LTC4 acts at a subcellular site. Either of 
these possibilities may explain the characteristically slow onset of LTC4-induced 
smooth muscle contraction. 

4. RADIOLIGAND BINDING STUDIES WITH [3H]L TD4 

In addition to the demonstration that LTD4 does not bind to LTC4 receptors 
with high affinity, radioligand binding studies utilizing [3H]L TD4 as a probe have 
shown distinct receptors for L TD4 in crude particulate fractions of guinea pig lung 
(Pong and DeHaven, 1983; Hogaboom et ai., 1983) and on a plasma-membrane
enriched fraction of guinea pig ileum (Krilis et ai., 1985). The [3H]LTD4 binding 
to guinea pig lung at 4°C and 20°C was saturable and reversible. The [3H]LTD4 
binding was enhanced by the divalent cations Mn2+, Mg2+, and Ca2+ and was 
inhibited by 200 J.LM GTP and in a concentration-dependent manner by Na + (0.5-50 
mM). The inhibition of [3H]LTD4 binding by GTP and Na + was attributed to a 
reduction in L TD4 receptor affinity, since these agonists increased the dissociation 
rate of [3H]LTD4 from the receptor. Binding parameters derived from [3H]LTD4 
saturation studies at equilibrium showed a very high affinity with a Kd at 20°C of 
0.055 nM and at O°C of 0.21 nM. The receptor density was 0.34 pmol/mg protein. 
Competition by LTC4 for this site required concentrations two orders of magnitude 
higher than for the homoligand, whereas LTE4 was nearly as effective as LTD4 in 
competing with eH]LTD4. FPL55712 competed at concentrations in the range of 
10-7 M. Although FPL55712 was lOO-fold as effective in competing for this LTD4 
site as it was in competition for L TC4 receptors in diverse tissues (Table I), it is 
still more than 3 logs less potent than the homo ligand in binding assays of either 
receptor. 

Radioligand binding studies by Hogaboom et ai. (1983) in a crude particulate 
fraction of homogenized guinea pig lung with both [3H]LTC4 and eH]LTD4 as 
radiolabeled probes demon stated separate binding sites for LTC4 and LTD4 in this 
tissue. The L TC4 receptor characteristics were similar to those described in rat lung 
homogenate (Pong et ai., 1983), whereas the equilibrium dissociation constant of 
the LTD4 receptor was estimated at 7.5 nM by binding competition. Furthermore, 
LTE4 competed more effectively than LTC4 for this site, and 100 J.LM of guanylyl 
imidodiphosphate [Gpp(NH)p] was found to inhibit [3H]LTD4 binding, although 
there was no effect on [3H]LTC4 binding (Table I). 

Binding of [3H]L TD4 and [3H]LTC4 on crude guinea pig lung homogenate 
particulate fractions was also studied by Bruns et ai. (1983), who observed that 
[3H]LTC4 binding occurred mostly after conversion to [3H]LTD4. Competition 
studies, which yielded a potency order for synthetic sulfidopeptide leukotrienes of 
LTC4 > LTD4 > LTE4, were therefore similar for both radioactive probes. How
ever, the apparent effectiveness of unlabeled LTC4 in competing for the binding 
site makes it difficult to interpret competition data for this putative LTD4 receptor, 
which differ markedly from those found by others (Pong and DeHaven, 1983; 
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Hogaboom et al .. 1983). Concentration-dependent inhibition of eH]LTD4 binding 
by guanine nucleotides and by sodium ion was also found in this study (Bruns et 
al .• 1983). 

The LTD4 receptors identified in guinea pig plasma membrane fractions (Krilis 
et al .• 1985) have a Kd of 2.2 nM, which would be compatible with the fourfold 
greater potency of LTD4 relative to LTC4 in ileum tissue in the presence of sodium
containing buffers. The physiological data of a biphasic dose response to LTD4 in 
guinea pig parenchymal strips and the very different radio ligand binding affinities 
observed for lung and ileum suggest subclass heterogeneity with regard to the affinity 
of the LTD4 receptor. 

5. CONCLUDING COMMENTS 

Experimental evidence from physiological and receptor binding studies, sum
marized in Tables II and III, indicates that separate receptors exist for sulfidopeptide 
leukotrienes C4 and D4, and possibly E4. Separate receptors for LTC4 and LTD4 
have been identified and characterized by physiological and radioligand binding 
criteria. The LTD4 receptors appear to be plasma-membrane associated and display 
characteristics previously described for many hormone receptors such as inhibition 
of agonist binding by guanine nucleotides and Na +, suggesting a postreceptor 
linkage to adenylate cyclase of an inhibitory nature. The LTC4 receptors have a 
substantial subcellular distribution; agonist binding to the receptor is not influenced 
by monovalent ions or guanine nucleotides but is enhanced by divalent cations. 
Within these two major subclass receptors with specificity for L TC4 and LTD4, 
respectively, there is an additional heterogeneity in terms of affinities. The distinct 
binding sites each manifest a characteristic potency order for the displacement of 
the respective homoligand by other leukotrienes and by FPL55712 (Table I). The 

TABLE II. Evidence for Subclass Specific Receptors for the Sulfidopeptide 
Leukotrienes: Physiological Studies 

Tissue LTC. LTD. LTE 

Guinea pig ileum 
Equiactive molar ratios relative to LTC. 1.0 0.2 1.2 
Latency period for ileal response 60 sec None None 

Guinea pig lung parenchyma 
Equiactive molar ratios relative to LTC. 1.0 0.1 0.3 
Nature of response Monophasic Biphasic Monophasic 
Pharmacologic inhibition Diltiazem FPL55712 FPL55712 

Guinea pig trachea 
Equiactive molar ratios relative to LTC. 1.0 1.0 0.1 
Induction of hyperresponsiveness to None None Threefold 

histamine/GP trachea 
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TABLE III. Evidence for Subclass Specific Receptors for the Sulfidopeptide 
Leukotrienes: Radioligand Binding Studies 

LTC. LTD. LTE. 

Tissue Radioligand Kd(nM)K;(nM) KAnM) K,(nM) Kd(nM) K,(nM) 

Hamster DDT, cell [,H]LTC4 5.0 4.4 2,000 13,000 
Guinea pig ileum segment [3H]LTC. 7.6 

12,000 x g fraction [3H]LTC. 12.0 800 >10,000 
Plasma membrane fraction [3H]LTC4 8.5 
Plasma membrane fraction [3H]LTD4 2.2 

Guinea pig lung homogenate ['H]LTD4 31.0 0.22 0.32 0.78 
45,000 x g (without 
Na+) 

effects of LTE4 on guinea pig lung parenchymal strips may be mediated by L TD4 
receptors as evidenced by effective competition by LTE4 for the LTD4 receptor in 
crude lung particulate fractions (Pong and DeHaven, 1983).However, a third re
ceptor or mechanism may mediate the distinct actions of L TE4 on guinea pig tracheal 
spirals, where this agonist exhibits greater contractile potency than LTD4 and LTC. 
and elicits hyperreactivity to histamine, which is not a nonspecific response to a 
prior contraction (Lee et al., 1984). 
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Some Novel Aspects of the 
Function of Prostaglandin E2 in 
the Coronary Circulation 

THOMAS H. HINTZE and GABOR KALEY 

1. INTRODUCTION 

31 

Recently, much work has centered on the effects and possible physiological and 
pathological importance of coronary prostacyclin synthesis (Fitzpatrick et al., 1978; 
Hyman et al., 1978; Needleman and Kaley, 1978; Dusting et al., 1979; Lefer et 
al., 1979; Aiken et al., 1980; Jugdutt et al., 1981). Prostacyclin, however, is not 
the only cyclooxygenase product that is produced in the coronary vasculature. In 
this context, recent work by Gerritsen and Printz (1981) has shown that PGE2 is 
produced in large coronary arteries, coronary microvessels, and also in microvas
cular endothelial cells (Gerritsen and Cheli, 1984). Additionally, we have dem
onstrated that PGE2 has potent effects on coronary blood flow (Hintze and Kaley, 
1977) and under special conditions may activate cardiac ventricular receptors, lead
ing to reflex effects on the circulation in general (Hintze and Kaley, 1984). Fur
thermore, Jugdutt et al. (1981) have shown that infusions of PGE1 ameliorate some 
of the harmful consequences of ischemia on the myocardium. The purpose of this 
chapter is to review the effects of PGE2 on the myocardium and coronary circulation 
and to describe our own, more recent observations on the effects of PGE2 on blood 
flow distribution in the myocardium, on large coronary vessels in conscious dogs, 
and on the possible reflex regulation of circulatory function. 

Prostaglandins, particularly prostacyclin, PGE1 , and PGE2 , have previously 
been shown to increase blood flow in the pump-perfused or autoperfused dog heart 

THOMAS H. HINTZE and GABOR KALEY. Department of Physiology, New York Medical Col
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(Carlson and Oro, 1966; Maxwell, 1967; Nakano, 1968; Nutter and Crumly, 1972; 
Hutton et al., 1973; Rowe and Afonso, 1974; Hintze and Kaley, 1977). Further
more, the intracoronary injection of arachidonic acid leads to the synthesis of 
prostaglandins, including PGE2 , within the coronary circulation and to subsequent 
increases in coronary blood flow, which are eliminated by administration of pros
taglandin synthesis inhibitors (Hintze and Kaley, 1977). Many autoregulatory func
tions ofthe coronary circulation, including reactive hyperemia, have been attributed 
to the stimulation of synthesis of prostaglandins (Afonso et al., 1974; Alexander 
et al., 1975). These results, however, have not been confirmed by other groups of 
investigators (Owen et al., 1975; Rubio and Berne, 1975; Giles and Wilcken, 1977; 
Hintze and Kaley, 1977; Harlan et al., 1978; Sunahara and Talesnik, 1979; Hintze 
and Vatner, 1984). The evidence concerning this question has been reviewed pre
viously (Parratt and Marshall, 1978; Belloni, 1979). As a consequence of myocardial 
infarction, when coronary flow is interrupted, an increase in the myocardial pro
duction of prostaglandins, including PGE2 , has been observed (Berger et al., 1976; 
Kraemer et al., 1976; Coker et al., 1981; lugdutt et al., 1981). 

In studies that eventually led to the discovery of prostacyclin, it was noticed 
that whereas PGE2 caused contraction of large coronary artery strips in vitro, 
application of arachidonic acid induced relaxation. The relaxation to arachidonic 
acid was prostaglandin dependent since it was eliminated by preincubation of the 
strips with indomethacin (Kulkarni et al., 1976; Dusting et al., 1977). This was 
clear evidence that large coronary vessels produce a prostaglandin other than PGE2 • 

The above authors also postulated that PGE2 would constrict large coronary arteries 
in vivo and hence could be one of the etiologic factors responsible for coronary 
vasospasm. In support of this hypothesis, Uchida and Murao (1979) have shown 
that the cyclic reductions in coronary blood flow that occur following severe stenosis 
of a coronary artery in anesthetized dogs correlate well with the generation of PGE2 

in the coronary circulation and that both the reductions in flow and PGE2 release 
can be eliminated by administration of a receptor blocker of prostaglandins. 

Previous studies from our laboratory have described the Bezold-larisch-like 
reflex responses following the administration of prostacyclin in anesthetized (Hintze 
et al., 1979, 1982, 1984; Kaley et al., 1980, 1981; Hintze and Kaley, 1984) or 
conscious dogs (Hintze et al., 1981). These observations have been confirmed by 
other investigators (Chapple et al., 1978; lentzer et al., 1979; Chiba and Malik, 
1980; Dusting and Vane, 1980; Chiavarelli et al., 1982). In a study designed to 
locate the receptors responsible for the reflex bradycardia to prostacyclin and in 
order to discern the bradycardia more easily following intracoronary injection of 
these agents by reducing the interactions between cardiopulmonary receptors and 
systemic arterial baroreflexes, we observed that circumflex coronary artery injection 
of PGE2 also leads to a vagal reflex bradycardia (Hintze and Kaley, 1984). Stim
ulation of myocardial prostaglandin synthesis following intracoronary arachidonic 
acid injection had similar effects on heart rate and reflexly reduced peripheral 
resistance as well (Hintze and Kaley, 1984). Coleridge and Coleridge (1980) have 
shown that vagal C-fiber afferents are activated following left atrial injections of 
PGE2 , resulting in a vagally mediated reflex bradycardia. An early study by Giles 
et al. (1969) also showed that injection of PGE! into anesthetized dogs resulted in 
" r",fI",x hraclvl'"rcli" cI",,;nite a reduction in svstemic arterial nressure. 
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2. RESULTS 

2.1. Effects of PGE2 and Stimulation of Prostaglandin Synthesis by 
Arachidonic Acid on the Transmural Distribution of Myocardial 
Blood Flow 

In these studies, radioactive microspheres were injected into the left atrium in 
order to measure the transmural distribution of blood flow following the intracor
onary (left circumflex) artery injection of 200 Ilg of arachidonic acid or 2 Ilg of 
PGE2 in anesthetized dogs. The methods used have been described previously 
(Hintze and Kaley 1977, 1984). The hearts were sectioned as shown in Fig. 1, and 
blood flow was quantitated using standard methods (Rudolph and Heymann, 1967; 
Domench et al., 1969; Buckberg et al., 1971; Becker et at., 1973; Becker, 1976; 
Heymann et al., 1977). 

A record from a typical experiment is shown in Fig. 2. In these dogs (N = 17), 
PGE2 increased coronary blood flow significantly as measured with an electromag
netic flowmeter, reduced mean arterial pressure, and caused a small baroreflex
mediated tachycardia (Table I). Injection of arachidonic acid increased coronary 
blood flow and reduced mean arterial and LV systolic pressure (Table I). Radioactive 
microspheres labeled with 1251, 85Sr, and 40SC were injected at the time of maximum 
increases in coronary blood flow to both arachidonic acid and PGE2, as indicated 
in Fig. 2. Left circumflex coronary artery injection of arachidonic acid caused 
increases in blood flow in the area perfused by this artery in the epicardial, myo
cardial, and endocardial layers (Fig. 3). Prostaglandin E2 also caused a uniform 

COLUMNS· 
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2 3 4 5 

APEX 

FIGURE 1. This figure illustrates the manner in which the left ventricular free wall was sectioned 
to study the distribution of radioactively labeled microspheres (9 /Lm, 3M Company) following 
the injection of PGE2 and arachidonic acid. Prostaglandin E2 and arachidonic acid were injected 
into the left circumflex coronary artery (CX) (row 1, column 2). A control injection of microspheres 
was given in each experiment, followed by injections of microspheres at the time of maximum 
flow changes following administration of PGE2 and arachidonic acid. Blood flow in the area 
perfused bv the left anterior descend ina coronary artery (LAO) (columns 1 and 21 also served 
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TABLE I. Effects of PGE2 (2 j.L9) and Arachidonic Acid (200 j.L9) injected into the 
Left Circumflex Coronary Artery in Anesthetized DagsB 

Mean arterial pressure 
(mm Hg) 

Heart rate 
(beats/min) 

LV systolic pressure 
(mm Hg) 

LV dP/dt 
(mm Hg/sec) 

Coronary blood flow 
(ml/min) 

Control 

121 ± 4.5 

152 ± 5.9 

149 ± 6.4 

5206 ± 232 

31.4 ± 2.1 

a Absolute values are depicted in each case; 'P < 0.05 from control. 

E .p 
c 

l 

4.0 

3.0 

2.0 

to 

I I 

EPICARDIAL MYOCARDIAL 

89 ± 5.0* 

158 ± 8.9 

137 ± 12 

5990 ± 611 

93.8 ± 11.1* 

AA 

0 
1 

I 

Arachidonic 
acid 

109 ± 6.1* 

147 ± 6.6 

141 ± 7.6* 

5543 ± 348 

126 ± 8.7* 

I I 

I 

i I I I t 
ENDOCARDIAL 

• control 
o AA 200ug 

FIGURE 3. Blood flow in each layer of the heart, i.e., epicardium, myocardium, and endocar
dium, following the left circumflex coronary artery (CX) injection of arachidonic acid (AA). The 
closed circles represent blood flow in the control state, and the open squares represent blood 
flow following the injection of AA. Data are taken from row 3 as illustrated in Fig. 1. In each row 
the first two points, moving from left to right, correspond to the area perfused by the left anterior 
descending coronary artery (LAD), whereas the next four points correspond to the area perfused 
by the CX. Arachidonic acid caused a large increase in blood flow in the area perfused by the 
vessel in which it was injected and little or no increase in blood flow in the area perfused by 
the LAD. Blood flow increased uniformly across the myocardium. Values represent blood flow 
(mllmin per gram of tissue). 
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increase of blood flow in all layers of the left ventricular free wall (Fig. 4). Thus, 
it appears that generation of prostaglandins following the administration of arachi
donic acid as well as injection of PGEz directly into the coronary arteries cause 
large, uniform, and approximately equivalent increases in blood flow to the epi
cardium and endocardium. 

2.2. Effects of PGE2 on Large Coronary Artery Dimensions in 
Conscious Dogs 

In these experiments dogs were instrumented for the instantaneous and con
tinuous measurement of large coronary artery diameters, coronary blood flow, and 
cardiac function and allowed to recover fully (Hintze et al., 1985; Hintze and 
Vatner, 1984). Prostaglandin Ez (5 j.Lg/kg) injected intravenously caused a transient 
fall in mean arterial pressure that was closely followed by a reflex tachycardia and 
increases in LVdPldt and large coronary artery diameter (Fig. 5). Injection of 
increasing doses of PGEz caused dose-related increases in large coronary vessel 
diameter. The large coronary artery dilation was unaffected by the previous admin
istration of a prostaglandin synthesis inhibitor, indomethacin (5 mglkg). At no time 

4.0 

3.0 

E 2.0 LI IIll I 1 
.!l' c 

'E 
-' I I r 
E 

I I 1.0 ! ! I ! 
111111 1 1 t ! I I I I 1 

EPICARDIAL MYOCARDIAL ENDOCARDIAL 
~t/OI 

o E22ug 

FIGURE 4. Injection of PGE2 (open squares) caused an increase in blood flow in the area 
perfused by the artery in which it was injected, i.e., the area perfused by the left circumflex 
coronary artery (CX). The distribution of blood flow was uniform across the left ventricular free 
wall. Control values are shown by the closed circles. Each layer corresponds to row 3 as depicted 
in Fig. 1. Moving from left to right, the first two dots represent the area perfused by the left 
anterior descending coronary artery (LAD), whereas the next four dots represent area perfused 
hv thA ex. VAII'A'" rAnrA"'Ant hlood flow iml/min Der aram of tissue\. 



PGE2 IN THE CORONARY CIRCULATION 

LVP 
(mmHg) 

LVP 
(mmHg) 

LVdP/dt 
(mmHgfsec) 

AP 
(mmHg) 

AP 
(mmHg) 

CO 
(mm ) 

CD 
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HR 
(b/mln) 

, , 
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327 

FIGURE 5. Intravenous injection of PGE2 (5 ILg/kg) into a conscious dog resulted in a transient 
reduction in phasic and mean arterial pressure (AP) and an initial reduction in left ventricular 
systolic pressure (LVP), accompanied by an increase in LV dPldt, heart rate (HR), and a 
substantial increase in circumflex coronary artery diameter (CD). Large coronary artery diameter 
was measured instantaneously and continuously using a transient time ultrasonic dimension 
gauge and previously implanted 7 MHz piezoelectric transducers. Thus, although PGE2 causes 
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TABLE II. Effects of Circumflex Coronary Artery (CX) and Left Anterior 
Descending Coronary Artery (LAD) Injections of PGE2 on Cardiovascular Function 

in Anesthetized Dogs8 

Control Change 

Mean arterial pressure (mm Hg) 
LAD injection 139 ± 7.7 - IO ± 2.9* 
CX injection 149 ± 7.7 -38 ± 6.0* 

Heart rate (beats/min) 
LAD injection 176 ± 7.8 + 1.0 ± 1.0 
CX injection 176 ± 7.2 - IO ± 2.1* 

LV systolic pressure (mm Hg) 
LAD injection 173 ± 7.5 -2.5 ± 4.4 
CX injection 176 ± 7.5 -30 ± 5.2* 

LV dP/dr (mm Hg/sec) 
LAD injection 6100 ± 732 467 ± III 
CX injection 5800 ± 537 217 ± 480 

Coronary blood flow 
LAD injection 33 ± 3.0 +46 ± 4.0* 
CX injection 34 ± 2.7 +66 ± 6.6* 

a Values reported for coronary blood flow represent flow in the LAD following LAD injection and flow in the ex 
following ex injection; *p < 0.05 from control. 

did PGE2 cause a decrease in large coronary vessel diameter, as would be indicative 
of large coronary vessel constriction. In contrast, using the same model in prior 
studies, we have shown that large coronary vessel diameter is reduced by the potent 
a-adrenergic agonist methoxamine. Recently, we have also found that U-46619, a 
thromboxane-like substance, reduces large coronary vessel diameter and calculated 
coronary cross-sectional area in conscious dogs (Hintze et ai., 1985). 

2.3. Reflex Effects of Intracoronary PGE2 in Dogs with Reduced 
Baroreflex Function 

Left circumflex coronary artery injection of PGE2 (10 Il-g) in dogs in which 
the carotid arteries were ligated to eliminate carotid baroreceptor activation, in order 
to observe the reflex response to cardiopulmonary receptor stimulation unopposed, 
resulted in a reduction in heart rate and arterial pressure (Table II). Left anterior 
descending coronary artery injection of PGE2 had no effect on heart rate and caused 
a significantly smaller hypotension. These data suggest that the ventricular receptors 
that mediate the reflex responses to prostaglandins are located primarily in the 
section of the myocardium perfused by the circumflex coronary artery (Hintze and 
Kaley, 1984). 

3. DISCUSSION 

In this chapter we have reviewed briefly the effects of PGE2 in the coronary 
circulation, including the evidence that it is produced by coronary blood vessels 
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(Berger et al., 1976; Uchida and Murao, 1979; Gerritsen and Printz, 1981), and 
pointed out some up to now unrecognized effects of PGE2 in the heart. 

Recent studies by Gerritsen and Cheli (1984) have established that PGE2 is 
synthesized enzymatically by cultured coronary microvessel endothelial cells. Pre
vious work by Gerritsen and Printz (1981) showed that coronary microvessels in 
vitro produce significant quantities of PGE2 , under some circumstances several fold 
more than PGI2 , and that large coronary blood vessels produce almost exclusively 
PGIz. Other studies (Higgins et al., 1971; Bloor et al., 1973; Rowe and Afonso, 
1974; Fitzpatrick et al., 1978; Dusting et al., 1979; Dusting and Vane, 1980), 
including our own (Hintze and Kaley, 1977), have demonstrated that injections of 
prostaglandins cause dose-related increases in coronary blood flow. Our recent 
observations indicate that PGE2 induces a uniform increase in blood flow across 
the myocardium, distributing blood flow equally to the endocardium and epicardium. 
These effects of PGE2 were similar to those that occur following the stimulation 
of prostaglandin synthesis in vivo by the intracoronary injection of arachidonic acid, 
indicating that prostaglandins are synthesized in all layers of the heart or, conversely, 
that prostaglandin synthesis is not restricted to any single layer of the myocardium. 
It is likely that injection of arachidonic acid does not lead to an exclusive synthesis 
of PGEz but rather to the synthesis of a variety of products. 

The relaxation of large coronary artery strips following application of arachi
donic acid was considered to be "paradoxical" because PGE2 , at one time thought 
to be the only important product of arachidonic acid metabolism by coronary vessels, 
caused contraction of large coronary artery strips in vitro (Strong and Bohr, 1967; 
Greenberg and Sparks, 1969). This observation has been repeated many times and 
eventually led to the identification of prostacyclin, a substance that induces relax
ation of coronary artery strips (Kulkarni et al., 1976; Dusting et al., 1977). Unlike 
prostacyclin, PGE2 increases resistance in isolated perfused cat coronary arteries 
(Ogletree et al., 1978). However, in the normal healthy conscious dog chronically 
instrumented for the measurement of large coronary blood vessel diameter and fully 
recovered from surgery, PGE2 causes dilation of large coronary arteries, not con
striction. This response to PGE2 may occur because of the presence of an uninter
rupted layer of endothelial cells in coronary vessles in vivo, whereas contraction 
to PGE2 may be the result of damage of the endothelium during preparation of 
isolated dog coronary vessels, an effect similar to the contraction observed by 
Furchgott and Zawadski (1980) following application of acetylcholine to a variety 
of blood vessel rings (or strips) whose endothelial cell layers are disrupted. 

Another new aspect for the role of prostaglandins in circulatory control is their 
effect on reflex regulation of blood pressure and heart rate. It appears from our 
work (Hintze et al., 1979) and the work of others (Coleridge et at., 1976), that 
prostacyclin activates cardiac, "chemically" sensitive nerve endings (C-fiber affer
ents) to elicit reflex bradycardia and hypotension (Coleridge and Coleridge, 1980; 
Hintze and Kaley, 1984). The bradycardia to prostacyclin is dependent, to some 
degree, on the resting heart rate (Chiavarelli et al., 1982). It involves primarily 
activation of the vagus nerves and the degree of bradycardia is limited by A-V 
nodal conduction. Our results indicate the PGE2 is capable of eliciting similar reflex 
responses, although it may be less potent than PGI2 or arachidonic acid. The 
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bradycardia to PGE2 is only evident when the competition between the systemic 
baroreflexes, which are activated by hypotension, and the cardiopulmonary receptor 
endings, which are activated by PGE2 , is eliminated. This bradycardia is not caused 
by an increase in coronary blood flow per se, since injection of nitroglycerin in 
doses that caused similar or greater increases in coronary blood flow caused a 
tachycardia (Hintze and Kaley, 1984). Previous studies by Leach et ai. (1973) and 
Chen et ai. (1979) have shown that in the rat, prostaglandins may cause reflex 
reductions in heart rate and peripheral resistance. Furthermore, the spontaneously 
hypertensive rat was particularly sensitive to the reflex actions of PGE2 (Chen et 
ai., 1979). What is even more significant with respect to our own research is the 
major finding of the study by Gerritsen and Printz (1981) of a relatively active 
synthesis of PGE2 by coronary microvessels, indicating that in vivo cardiac C-fiber 
endings would be exposed, in some instances perhaps primarily, to PGE2 . 
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Prostaglandin H2 Causes 
Calcium Mobilization in Intact 
Human Platelets 
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1. INTRODUCTION 

32 

It was originally suggested that thromboxane A2 (TxA2) production is a prerequisite 
for platelet activation induced by arachidonic acid (AA) addition. More recently, 
however, evidence has accumulated that suggests that, under the appropriate con
ditions, prostaglandin H2 (PGH2) can also playa role in the platelet activation 
process. In this regard, Needleman et ai. (1976) have shown that when AA was 
added to washed platelets incubated with the thromboxane synthase inhibitor im
idazole (Needleman et ai., 1976, 1977a,b; Moncada et ai., 1976, 1977), throm
boxane synthesis was blocked, but platelet aggregation was not inhibited (Needle
man et ai., 1977b). Based on these findings, they proposed that PGH2 is itself 
active in causing platelet aggregation. 

This notion was further supported by the subsequent studies of Grimm et ai. 
(1981) using 7-(I-imidazolyl)heptanoic acid (7-IHA), a different thromboxane syn
thase inhibitor (Yoshimoto et ai., 1978; Kayama et ai., 1981). They demonstrated 
that a greater than 90% inhibition of TxA2 formation by 7-IHA did not significantly 
inhibit platelet aggregation. In order to exclude the possibility that the observed 
aggregation was caused by the 2% residual thromboxane formation, they inhibited 
the platelet cyclooxygenase with indomethacin. It was found that although throm
boxane formation was inhibited to a lesser extent than with 7-IHA, platelet aggre-
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gation was nevertheless completely blocked. These results indicate that PGH2 does 
indeed possess proaggregatory effects. Furthermore, a separate study by Rybicki 
and Le Breton (1983) showed that PGH2 could directly lower cyclic AMP (cAMP) 
levels, which is consistent with the notion that PGH2 promotes platelet activation. 

On the other hand, certain inconsistencies have been associated with the use 
of thromboxane synthase inhibitors, which have prevented a clear demonstration 
of the effect: various inhibitors, e.g., azo analogue I (Gorman et al .• 1977; Fitz
patrick and Gorman, 1978), imidazole, 7-IHA, and UK 37,248 (Randall et al .. 
1981), have all been shown to produce variable blockade of aggregation under 
certain circumstances. In this connection, a recent study by Smith (1982) investi
gated the mechanism of this inhibition by two classes of thromboxane synthase 
inhibitors. He found that the inhibitory properties of these compounds could be 
ascribed to increased production ofPGD2 and not to the absence of TxA2 production. 

In the present study, we measured the initial event in the process of platelet 
activation, i.e., the mobilization of internal calcium stores, to evaluate the relative 
ability of PGH2 to stimulate platelet functional change. We have previously dem
onstrated that TxA2 and/or PGH2 causes calcium mobilization and shape change in 
intact human platelets (Brace et al .. 1982). This internal calcium redistribution 
could be blocked by indomethacin or the specific thromboxane receptor antagonist 
13-azaprostanoic acid (13-APA). Similar results have recently been obtained by 
Kawahara et al. (1983) using the thromboxane A2 analogue STA2. However, none 
of these experiments has differentiated between the abilities of TxA2 and PGH2 to 
independently induce intraplatelet calcium redistribution. 

In order to further address this question, we have measured intraplatelet calcium 
mobilization using the fluorescent calcium indicator chlortetracycline (CTC) in the 
presence of three separate classes of thromboxane synthase inhibitors. Our results 
are consistent with the concept that PGH2 can directly stimulate platelet functional 
change. 

2. MATERIALS AND METHODS 

2.1. Platelet Preparation 

Blood from healthy donors who denied having received medication for lO days 
was collected into 0.38% citrate-phosphate--dextrose-adenine (CPDA 1) solution. 
Platelet-rich plasma (PRP) prepared from this blood was purchased from a com
mercial source. The PRP was centrifuged at 160 x g for lO min at room temperature 
to remove contaminating red and white blood cells. 

2.2. Measurement of Intraplatelet Calcium Mobilization 

Although CTC was originally used to monitor changes in mitochondrial mem
brane-bound calcium (Caswell and Hutchison, 1971), it has since been used to 
monitor changes in intracellular calcium binding in a wide variety of cell systems 
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including platelets (Le Breton et at., 1976; Feinstein, 1980; Owen and Le Breton, 
1981). In the present study, PRP was incubated with 50 fLM CTC (a concentration 
that we have shown does not interfere wth platelet activation) for 40 min at 25°C. 
The temperature of the PRP was then raised to 37°C for all subsequent experimental 
procedures. The CTC-platelet fluorescence was determined as previously described 
(Owen and Le Breton, 1981). Briefly, four I-ml samples were withdrawn and 
layered over silicone oil (100 fLI of a mixture of Dow 220 : Dow 550, 17 : 4) in 
the bottom of I. 5-ml plastic conical centrifuge tubes and then centrifuged at 7000 x g 
for I min. Immediately following centrifugation, the supernatant and silicone oil 
were aspirated, leaving the undisturbed platelet pellets in the tube tips. The tube 
tips were removed with a hot surgical blade and placed in acrylic holders for 
fluorescence determination using a photon-counting microspectrofluorometer. Con
trol fluorescence values were normalized to 100,000 counts per second (cps). Ad
ditions of vehicles, agonists, and antagonists were made as described in the figure 
legends. 

2.3. Measurement of Platelet Shape Change 

Platelet shape change was measured according to the turbidometric method of 
Born (1962) with a Model 400 Lumi-aggregometer (Chrono-Log Corp., Havertown, 
PA.). With this method, shape change is represented by a decrease in light trans
mission. 

Platelet shape change is generally regarded to be the most sensitive index of 
platelet activation. Therefore, all experiments were performed under conditions in 
which only the platelet shape change response was stimulated. Furthermore, the 
measurement of shape change alone precluded the possibility of nonspecific changes 
in CTC fluorescence that may result from platelet apposition (aggregation) or release 
of intraplatelet calcium-containing granules (secretion). 

2.4. Measurement of Secretion 

Secretion was measured simultaneously with platelet stimulation using a Lumi
aggregometer and the bioluminescent luciferin-luciferase assay (Feinman et al., 
1977). The PRP was preincubated with luciferin-Iuciferase for 2 min at 37°C before 
the addition of an agonist. A TP release from intracellular storage granules was used 
as an index of platelet secretion since it is cosecreted with ADP and calcium. 

2.5. Measurement of TxB2 Production 

At the specified time intervals, I-ml samples of PRP for thromboxane B2 
determination were withdrawn and added to 3 mM imidazole in a 1.5-ml conical 
plastic centrifuge tube, then immediately frozen in liquid nitrogen. The samples 
were thawed and diluted 1 : 5 in phosphate-buffered saline with gelatin (PBSG). 
Platelet-free plasma separated from unactivated platelets was also diluted 1 : 5 in 
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PBSG, and an equal volume was added to the tubes of the standard curve to correct 
for any nonspecific plasma protein binding and for circulating TxB2. The TxB2 in 
the diluted samples was measured by the radioimmunoassay of Fitzpatrick et al. 
(1977). Samples (0.1 ml) or TxB2 standard solutions and [3H]TxB2 were added to 
TxB2 antiserum (0.1 ml) at a dilution (1 : 1250) that bound 50% of the [3H]TxB2 
in the absence of competition by unlabeled TxB2. The final assay volume was 0.3 
ml. The assay mixtures were mixed and incubated at 25°C for 1 hr and then at 4°C 
for 20-24 hr. Antibody-bound and free TxB2 were separated by incubation with 1 
ml of dextran-coated charcoal suspension containing 2.5 mg Norit A charcoal and 
0.25 mg dextran T 70 in 1 ml PBSG buffer for 11 min at O°c. Following centrif
ugation at 1500 x g (0-5°C) for 12 min, the antibody-bound TxB2 in the super
natant was measured by radioisotope counting in a Beckman Model LS6800 liquid 
scintilation spectrometer. The TxB2 concentration in the experimental samples was 
determined by comparing the amount of eH]TxB2 bound in the standard tubes with 
that in the sample tubes. 

2.6. Materials 

Human PRP was obtained from the Mid-American Red Cross (Chicago, IL) 
or Chicago Blood Services (Chicago, IL) within 3 hr of collection. Arachidonic 
acid (Sigma Chemical Co., St. Louis, MO) was dissolved in nitrogen-bubbled 75% 
ethanol: 25% normal saline to prepare a 50 mM stock solution. Chlortetracycline 
was dissolved in normal saline and the pH adjusted to 7.4 prior to addition to PRP. 
Luciferin-Iuciferase (Chrono-Log, Havertown, PA) was dissolved in sterile distilled 
water and used according to instructions. 13-Azaprostanoic acid (13-APA) was 
synthesized as previously described (Venton et al., 1979) and dissolved in 50% 
ethanol: 50% normal saline to prepare a stock solution of 40 mM. A 40 mM stock 
solution of 2' ,5' -dideoxyadenosine (DDA), an 8 mM stock solution of 7-(imida
zoyl)heptanoic acid (7-IHA), a 0.3 M stock solution of imidazole, and a 0.2 M 
stock solution of sodium (E)-3-[4(3-pyridylmethyl)phenyl]-2-methylacrylate (OKY 
1581) were prepared in normal saline. A 12 mM stock solution of 9,II-azoprosta-
5,13-dienoic acid (azo analogue I) was prepared in 95% ethanol. Control and 
experimental samples received the same volume addition of ethanol, and the final 
ethanol concentration never exceeded 0.5%. 

3. RESULTS 

3.1. Effect of 7-IHA on Intraplatelet Calcium Mobilization 
and TxB2 Formation 

We have previously shown that a concentration of AA sufficient to cause 
platelet shape change (but not aggregation or secretion) in PRP also causes a 
significant mobilization of intraplate let calcium (Brace et al., 1982). This internal 
calcium redistribution upon AA addition could be blocked by inhibition of platelet 
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cyc\ooxygenase with indomethacin, indicating that a cyc\ooxygenase metabolite of 
AA was responsible for the observed calcium flux. In addition, the specific TxA2/PGH2 
receptor antagonist I3-APA also completely inhibited calcium mobilization, dem
onstrating that this calcium release by TxA2 and/or PGH2 occurred through a re
ceptor-mediated event (Brace et al., 1982). 

In order to determine whether PGH2 is itself capable of mobilizing intraplatelet 
calcium stores, TxA2 synthesis was inhibited by incubating PRP with the throm
boxane synthase inhibitor 7-IHA. Our results demonstrate that even though TxA2 
production was inhibited by greater than 95% (Fig. I), only a partial inhibition of 
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FIGURE 1. Inhibition of TxB2 production by 7-IHA. Human PRP was incubated with CTC, and 
TxB2 was measured as described in Section 2.5. Samples for TxB2 determination were taken 
immediately prior to AA addition (0 min) and 1 and 4 min after addition. The CTC-treated PRP 
was incubated with 7-IHA vehicle and DDA vehicle for 2 min prior to AA addition (stippled bar). 
Inclusion of 100 f.lM DDA did not alter the TxB2 level prior to AA addition (data not shown). 
Arachidonate (100 f.lM) was then added to CTC-treated PRP incubated with 20 f.lM 7-IHA 
(hatched bar) or 20 f.lM 7-IHA and 100 f.lM DDA (solid bar), and TxB2 ws determined 1 and 4 
min later. The TxB2 production in the absence of 7-IHA (open bar) was not altered by deletion 
of 7-IHA vehicle and/or DDA (data not shown). The TxB21eveis are expressed as nanomoles/10a 

platelets. The data are expressed as mean ± S.E.M. of samples from at least five different blood 
donors. Treatment with 7-IHA suppressed TxB2 production by more than 95% (P < 0.001). 
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calcium mobilization was observed compared to the absence of a thromboxane 
synthase inhibitor (Fig. 2). Specifically, calcium mobilization at 1 min was atten
uated by 7-IHA, whereas calcium mobilization at 4 min was unaffected. These 
results indicate that inhibition of thromboxane synthase with 7-IHA inhibited the 
rate of AA-induced calcium release but not the extent of the calcium release. 

Since PGH2 is diverted to PGD2 when thromboxane synthase is inhibited, and 
since PGD2 stimulates adenylate cyclase activity and promotes cAMP production, 
we investigated whether cAMP production is associated with the partial inhibition 
of calcium mobilization. In these studies, platelets were incubated with the adenylate 
cyclase inhibitor 2' ,5' -dideoxyadenosine (DDA) (Fain et al., 1972) and the throm
boxane synthase inhibitor 7 -IHA prior to the addition of AA. Under these conditions, 
7-IHA did not block calcium mobilization at either 1 min or 4 min following AA 
addition (Fig. 3) even though TxA2 production was inhibited by greater than 95% 
(Fig. 1). These results are therefore consistent with the previous observation of 
Smith (1982) and indicate that diversion of PGH2 to PGD2 can lead to inhibition 
of PGHTinduced platelet activation. 
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FIGURE 2. Effect of 7-IHA on AA-induced calcium mobilization. Fluorescence was measured 
in CTC-treated PRP platelets (see Section 2.2) immeditely prior to AA or AA vehicle addition 
(0 min) and 1 and 4 min after additions. The PRP was incubated with 7-IHA vehicle (solid line) 
or 20 ILM 7-IHA (dashed line) for 2 min prior to AA addition and 20 ILM 7-IHA for 2 min prior to 
AA vehicle addition (broken line). A decrease in fluorescence counts from control (0 min) 
indicates mobilization of intraplatelet calcium. Fluorescence values are represented as counts 
per second (cps). The data are represented as mean ± S.E.M. of samples from at least five 
different blood donors. The 7-IHA caused inhibition of calcium mobilization 1 min after AA addition 
(P < 0.001). 
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FIGURE 3. The effect of DDA on 7-IHA inhibition of AA-induced calcium mobilization. Exper
imental conditions are identical to Fig. 2 except that DDA was added. The PRP was incubated 
with 7-IHA vehicle plus 100 fJ.M DDA (solid line) or 20 fJ.M 7-IHA plus 100 fJ.M DDA (dashed 
line) for 2 min prior to AA addition and 20 fJ.M 7-IHA plus 100 fJ.M DDA for 2 min prior to AA 
vehicle addition (broken line) . Note that the solid and broken lines are nearly superimposed. 
Data are expressed as mean ± S.E.M. of samples from at least five different blood donors. 
Under these conditions, 7-IHA did not significantly inhibit AA-induced calcium mobilization. 

3.2. Effect of Azo Analogue I and OKY 1581 on Calcium 
Mobilization and TxB2 Production 

To determine whether the above findings can be generalized to other throm
boxane synthase inhibitors, we examined the effects of two additional classes of 
such inhibitors on calcium mobilization . In these studies, PRP was incubated with 
the endoperoxide structural analogue azo analogue I or the pyridine-based compound 
OKY 1581 (Miyamoto et al., 1980; Tai et al., 1980; Feuerstein and Ramwell, 
1981). As can be seen in Table I, incubating PRP with either azo analogue I or 
OKY 1581 resulted in comparable results to those obtained using 7-IHA; i.e., there 
was partial inhibition of calcium mobilization 1 min after AA was added but not 
4 min after AA addition. In both cases, TxA2 production was inhibited by more 
than 95%. 
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TABLE I. Effects of Thromboxane Synthase Inhibitors on AA-Induced Calcium 
Mobilization and TxB2 ProductionB 

Time (min) Vehicle 7-IHA Azo analogue I OKY 1581 

0 CPS 100,000 ± 2,000 100,000 ± 1,006 100,000 ± 1,155 100,000 ± 1,659 

TxB 0.07 ± 0.02 0.06 ± 0.02 0.09 ± 0.03 0.07 ± 0.02 

CPS 91,010 ± 1,162 96,738 ± 1,409 95,194 ± 740 93,861 ± 1,262 

TxB l.25 ± 0.35 0.13 ± 0.03 0.15 ± 0.04 0.12 ± 0.03 

4 CPS 90,271 ± 1,002 91,959 ± 1,240 89,921 ± 827 90,182 ± 955 

TxB 1.81 ± 0.39 0.11 ± 0.03 0.17 ± 0.04 0.11 ± 0.03 

a Chlortetracycline-treated PRP was incubated with the appropriate thromboxane synthase inhibitor vehicle (vehicle), 
20 fLM 7-IHA, 30 fLM azo analogue I. or 500 fLM OKY 1581 for 2 min prior to AA addition. Samples for TxB2 
determination were withdrawn, and fluorescence measurements were made immediately prior to AA addition (0 min) 
and I and 4 min after AA addition. Inhibitor vehicles did not affect calcium mobilization or TxB2 production. Data 
are expressed as mean ± S.E.M. of samples from at least five different blood donors. CPS, fluorescence counts per 
second; TxB. TxB2 (nmolllO' platelets). 

In order to evaluate the involvement of PGD2 in the observed inhibition of 
calcium mobilization, platelets were again pretreated with DDA. The DDA-pre
treated PRP was then incubated with either azo analogue I or OKY 1581 to inhibit 
thromboxane synthesis prior to the addition of AA. As in the studies using 7-IHA, 
it was found that in the presence of DDA, neither of the thromboxane synthase 
inhibitors blocked calcium mobilization; i.e., the results obtained 1 and 4 min after 
AA addition were comparable to those obtained with the addition of AA alone 
(Table Il). Therefore, these findings using three separate classes of thromboxane 
synthase inhibitors provide evidence that both PGH2 and TxA2 are effective in 
promoting internal calcium redistribution. 

3.3. Effect of 13-APA on PGH2-lnduced Calcium Mobilization 

In order to determine whether the calcium mobilization induced by PGH2 is 
a receptor-mediated event, we employed the specific TxA2/PGH2 receptor antagonist 

TABLE II. Effect of DDA on the Inhibition of AA-Induced Calcium Mobilization by 
Thromboxane Synthase InhibitorsB 

Time (min) Vehicle 7-IHA Azo analogue I OKY 1581 

0 CPS 100,000 ± 1,459 100,000 ± 934 100,000 ± 1,282 100,000 ± 1,284 
TxB 0.07 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 
CPS 91,972 ± 720 91,905 ± 910 88,563 ± 1,050 88,840 ± 873 
TxB 0.94 ± 0.22 0.16 ± 0.02 0.13 ± 0.01 0.10 ± 0.01 

4 CPS 89,262 ± 1,155 89,340 ± 1,084 86,741 ± 957 89,006 ± 827 
TxB 1.43 ± 0.31 0.15 ± 0.02 0.16 ± 0.02 0.11 ± 0.01 

a Experimental conditions are identical to Table I except that 100 fLM DDA was added to all incubation mixtures 2 
min prior to AA addition. Alone or in combination with inhibitor vehicles, DDA did not affect calcium mobilization 
or thromboxane production induced by AA addition. Data are expressed as mean ± S.E.M. of samples from at least 
five different blood donors. CPS, fluorescence counts per second; TxB. TxB2 (nmolllO' platelets). 
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13-APA (Le Breton et al., 1979; Hung et al., 1983). In these experiments, platelets 
were incubated with 13-APA to block the TxA2/PGH2 receptor, DDA to inhibit 
adenylate cyclase activity, and a thromboxane synthase inhibitor to block TxA2 
production. Table III illustrates that in the presence of 13-APA, PGHz-induced 
calcium mobilization is completely inhibited. These results indicate that PGH2 must, 
indeed, interact at a specific receptor site in order to mobilize internal calcium 
stores and cause platelet activation. 

4. DISCUSSION 

This study was undertaken to determine whether PGH2 is capable of causing 
intraplatelet calcium mobilization. In this connection, we have shown that greater 
than 95% inhibition of thromboxane synthesis by 7-IHA, azo analogue 1, or OKY 
1581 decreased the rate of internal calcium release but not the extent of calcium 
release. Thus, when a thromboxane synthase inhibitor was present, calcium redis
tribution observed at 1 min was generally less than half of that observed when no 
thromboxane syntase inhibitor was prsent (Fig. 2, Table I). In contrast, the throm
boxane synthase inhibitors caused no inhibition of calcium mobilization 4 min after 
the addition of AA. 

It has been suggested that thromboxane synthase inhibition may promote the 
metabolism of PGH2 to PGD2. Prostaglandin D2 is known to inhibit platelet ag
gregation (Smith et al., 1974) and to stimulate adenylate cyclase activity, which 
in tum leads to an accumulation of intracellular cAMP. Furthermore, Smith et al., 
(1976) provided evidence that sufficient PGD2 to inhibit platelet aggregation may 
be formed from endoperoxides when thromboxane synthesis is blocked. 

We have previously shown that another stimulator of adenylate cyclase, pros
tacyclin (PGI2), causes an increase in intracellular calcium binding, which is con
sistent with the ability of PGI2 to inhibit platelet functional change (Brace et al., 
1982; Owen and Le Breton, 1981). Thus, an increase in platelet cAMP leads to 
sequestration of intraplatelet calcium, reducing the availability of cytosolic calcium 
(Feinstein et ai., 1983) for platelet activation processes. On this basis, it would be 

TABLE III. Effect of 13-APA on PGH2-lnduced Calcium MobilizationS 

o min I min 4 min 

Vehicles 100,000 ± 1,460 91,927 ± 1,000 89,262 ± 1,155 
7-IHA 100,000 ± 1,350 101,182 ± 1,123 102,309 ± 1,592 
Azo analogue I 100,000 ± 1,168 99,439 ± 1,513 102,284 ± 1,756 
OKY 1581 100,000 ± 1,179 100,585 ± 1,201 105,446 ± 1.711 

'Chlortetracycline-treated PRP was incubated with 100 11M DDA and the appropriate vehicles (vehicle) or 100 11M 
DDA plus 100 11M 13-APA and either 20 11m 7-IHA. 30 11M azo analogue I. or 500 11M OKY 1581 for 2 min prior 
to AA addition (0 min) and 1 and 4 min following AA addition. Fluorescence counts per second are expressed as 
mean ± S.E.M. of samples from four different blood donors. 
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expected that increased production of PGD2 would also result in inhibition of calcium 
mobilization. We found that stimulation of cAMP production had indeed affected 
the results obtained in the present experiments; i.e., when platelets were pretreated 
with the cyclase inhibitor DDA, thromboxane synthase inhibition did not block 
calcium mobilization (Fig. 3, Table II). These results are in agreement with those 
of Smith (1982), who showed that the inhibition of platelet aggregation by throm
boxane synthase inhibitors could be reversed by treating the platelets with an aden
ylate cyclase inhibitor. Hence, when cyclase activity is blocked, the stimulatory 
effects of PGH2 are fully expressed. Taken together, these results indicate that 
PGH2 can be as effective as TxA2 in promoting calcium mobilization. 

Studies in isolated calcium-accumulating platelet vesicles enriched in the dense 
tubular system (DTS) also support this contention. The DTS is thought to play an 
important role in intraplatelet calcium regulation and platelet activation in a manner 
anologous to the sarcoplasmic reticulum of muscle cells (White, 1972). Rybicki et 
al. (1983) showed that PGH2 caused a significant release of calcium from these 
isolated vesicles only in the presence of an adenylate cyclase inhibitor. These results 
are therefore consistent with the present findings in intact platelets. 

Finally, our results also indicate that PGH2 produces calcium mobilization by 
interacting at the same or a stucturally similar site as TxA2. Thus, the specific 
TxA2/PGH2 receptor antagonist 13-APA inhibits calcium mobilization in response 
to either TxA2 or PGH2 (Table III). 
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Control of Ca2 + Mobilization and 
Polyphosphoinositide Metabolism 
in Platelets by Prostacyclin 

GEORGE B. ZAVOICO, STEPHEN P. HALENDA, 
DAVID CHESTER, and MAURICE B. FEINSTEIN 

1. INTRODUCTION 

Cyclic AMP is perhaps the most important inhibitory regulator of platelet function. 
Dibutyryl cAMP, as well as agents that stimulate adenylate cyclase, can inhibit the 
characteristic responses of platelets to stimulation by agonists, i.e., shape change, 
aggregation and secretion, increased lipid metabolism, protein phosphorylation, and 
cytoskeleton assembly. Prostacyclin (PGh) is the most potent physiological activator 
of platelet adenylate cyclase, and its role as a biological regulator of platelet function 
appears to be directly related to this action (Weksler, 1982). It has also been 
suggested that the antithrombotic effectiveness of certain agents observed clinically 
may be attributable to their antiphosphodiesterase activity, which enhances the 
action of prostacyclin, released from blood vessel walls, on platelet cAMP levels 
(Weksler, 1982). 

Our interest in the mechanism of action of PGh has centered on its actions 
vis-a-vis calcium because of the important involvement of Ca2+ in many aspects 
of cellular function. In order to understand how PGh interacts with Ca2 +, it is 
equally important to understand the precise roles of Ca2 + in platelet physiology, 
which at present remain only partly understood, and our knowledge is constantly 
evolving (Kaibuchi et al., 1982; Rink et al., 1981, 1982; Feinstein et al., 1981). 
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Platelet activation is associated with two Ca2 + -dependent pathways for protein 
phosphorylation (Fig. 1) that appear to be involved in secretion: phosphorylation 
of Mr 20,000 myosin light chains by Ca2 + /calmodulin-dependent myosin light chain 
kinase (Hathaway and Adelstein, 1979) and phosphorylation of a Mr 47,000 protein 
by Ca2 +/phosphatidylserine-dependent protein kinase C (Takai et at., 1979; Ka
wahara et at., 1980; Kikkawa et at., 1983). In platelets permeabilized by digitonin 
or an intense electric field, the presence of adequate Ca2 + alone directly causes 
myosin phosphorylation (Daniel et at., 1982) and secretion (Knight et at., 1982). 
However, the responses of intact platelets to agonists such as thrombin are more 
complex and are characterized by the mobilization of both Ca2+ and 1,2-diacyl
glycerol. A synthetic diglyceride (oleoylacetyldiacylglycerol) can by itself partially 
activate platelets (Rink et at., 1983; Kaibuchi et at., 1982). 1,2-Diacylglycerol is 
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FIGURE 1. Proposed sequence of initial events in the activation of platelets. The binding of 
stimulatory agonists (S) such as thrombin to membrane receptors (R) initiates the hydrolysis 
and subsequent resynthesis of phosphoinositides (Pis) and the increase of [Ca2 +),. Phospha
tidylinositol-4,5-diphosphate is probably the first phospholipid broken down by phosphodiester
ase activity (phospholipase C) to produce 1,2-diacylglycerol (DG) and inositol 1,4,5-trisphos
phate (IP3). This reaction has been suggested to release lipid-bound Ca2 + and to regulate 
membrane Ca2 + permeability. (2) Calcium is mobilized from an internal source by mechanisms 
that are unknown at present; IP3 has been suggested to be a second messenger that releases 
Ca2 + from a nonmitochondrial source such as a Ca2 + -accumulating isolated membrane fraction. 
(3) The increase of [Ca2 +), acting in concert with 1 ,2-DG and phosphatidylserine (PS) activates 
protein kinase C, which phosphorylates a cytosolic M, 47,000 protein. (4) Calcium also binds 
to calmodulin (CAL), which can then activate myosin light chain kinase (MLCK) to phosphorylate 
the M, 20,000 light chains of myosin. The ATPase activity of phosphorylated myosin can then 
be activated by actin. (5) Actomyosin and M, 47,000 protein may both participate in reactions 
that enable secretion to occur. (6) Calcium can be resequestered within the platelet. Speculative 
reactions are shown as dashed lines. 
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generated by phosphodiesteratic hydrolysis of phosphoinositides and functions co
operatively with Ca2 + (Kaibuchi et al., 1982, 1983; Kikkawa et al., 1983), in part 
by greatly increasing the affinity of protein kinase C for Ca2+ (Takai et al., 1979). 

Although the phosphodiesterase activity that hydrolyzes phosphoinositides to 
produce diacylglycerol is itself Ca2 + dependent, the enzymatic activity is highly 
sensitive to lipid conformation and can be expressed at low free Ca2+ concentrations 
(e.g., 0.1 fLM) under favorable conditions (Irvine et al., 1984). In intact platelets, 
the production of diacylglycerol requires receptor-agonist interaction and cannot 
be effectively duplicated solely by increasing the availability of Ca2 + as through 
the application of calcium ionophores (Kaibuchi et al., 1982). As a result of receptor
mediated generation of diacylglycerol, the responses of intact platelets to agonists 
are elicited at lower concentrations of cytoplasmic calcium, [Ca2+L, than are re
quired in permeabilized or ionomycin-treated platelets (Rink et al., 1981; Knight 
et al., 1982; Kaibuchi et al., 1982, 1983). 

The role of phosphoinositides in platelet function is of additional interest since 
it has been proposed that the mobilization of Ca2 + in many cells [including platelets 
(Vickers et al., 1981)] occurs through the receptor-linked activation of hydrolysis 
of polyphosphoinositides (Michell, 1975; Downes and Michell, 1982). Recently, 
it has been proposed that inositol-I ,4,5-trisphosphate (IP3) produced by the hy
drolysis of phosphatidylinositol-4,5-diphosphate (PIP2) may be a second messenger 
that is responsible for mediating receptor-linked mobilization of intracellular stores 
of Ca2+ (Berridge, 1983). Initial experimental support for this theory has been 
obtained in pancreatic acinar cells (Streb et al., 1983) and rat hepatocytes (Joseph 
et al., 1984). Inositol-I,4,5-trisphosphate has been detected in stimulated platelets 
(Agranoff et al., 1983; Vickers and Mustard, 1984) and causes the release of Ca2+ 
from isolated platelet membranes (O'Rourke et al., 1985). In this chapter we present 
evidence that PGI2 , by stimulating adenylate cyclase, suppresses the breakdown of 
PIP2 and the mobilization of Ca2 + and diacylglycerol in thrombin-stimulated plate
lets. 

2. RESULTS AND DISCUSSION 

2.1. Inhibition of Calcium Mobilization by PGI2 and Other Agents 
That Increase cAMP 

One of the mechanisms by which cAMP could regulate platelet functions is 
by controlling the level of Ca2 + in the cytosol. Although this has long been assumed 
to be so, no direct evidence was available until recently. Owen and Le Breton 
(1981), using chlortetracycl ine as a probe for membrane-bound Ca2+, obtained 
evidence that increased cAMP stabilized internal Ca2 + stores that were susceptible 
to release by epinephrine, A23187, and the PG endoperoxide analogue U46619. 
Direct measurements of dynamic changes in free cytoplasmic Ca2 + (i.e, [Ca2+li) 
subsequently became feasible with the introduction of the fluorescent Ca2 + detector 
quin-2 (Tsien et al .. 1982). 
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From use of quin-2 to measure [Ca2 +];, it was found that adenylate cyclase 
stimulants had two types of effects on [Ca2 + k (1) they inhibited the rise of Ca2+ 
that would normally occur in response to platelet stimulation by thrombin (Rink 
and Smith, 1983; Feinstein et al., 1983; Yamanishi et al., 1983) and (2) they 
stimulated resequestration of Ca 2 + that had already been released into the cytosol 
by thrombin (Feinstein et al., 1983; Yamanishi et al., 1983). Pretreatment of 
platelets with PGh, PGE" (Rink and Smith, 1983; Feinstein et al., 1983), PGD2 , 

or forskolin (Feinstein et al., 1983) was found to inhibit the rate and extent of rise 
in [Ca2+l caused by thrombin. Prostaglandin O2 and PGI2 (and PGE1) act, re
spectively, on different receptors linked to adenylate cyclase, whereas forskolin 
acts directly on the catalytic unit of the enzyme (Seamon and Daly, 1981) and/or 
on the stimulatory guanine nucleotide regulatory protein, Ns (Darfter et al., 1982). 
The effects of low to moderate concentrations of prostaglandins on [Ca2+l were 
substantially potentiated by the cAMP phosphodiesterase inhibitor theophylline. 
Dibutyryl cAMP also produced a time- and concentration-dependent inhibition of 
calcium mobilization (Fig. 2), providing the most direct evidence that cAMP
dependent reactions can regulate [Ca2+ li in intact platelets. Prostacyclin was by far 
the most potent inhibitor of Ca2 + mobilization and caused a faster rate of fall of 
[Ca2+1i than PGD2 . This is in keeping with the relative potency of PGI2 as a 
stimulator of adenylate cyclase (Gorman et al., 1977). The 150 for inhibition of the 
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FIGURE 2. Inhibition of Ca2 + mobilization (f.l.M) by dibutyryl cAMP (Db cAMP). Washed platelets 
incubated with either 0.25 or 1.0 mM (Db cAMP) for the times indicated were then stimulated 
with 1.0 U/ml thrombin at 23°C. 
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increase in Ca2+ caused by 1.0 Ulml thrombin was about 0.5-1.0 nM PGI2, and 
95% inhibition was attained at 10 nM PGlz. Prostacyclin was even more effective 
at lower thrombin concentrations; e.g., 1.0 nM PGlz completely blocked the rise 
of [Ca2+1, evoked by 0.1 Ulml thrombin. The dose-response curve to PGl2 was 
not affected by the lack of extracellular Ca2+ (+ EGTA) , indicating that PGI2 had 
no selective action on Ca2 + influx and was fully capable of preventing the mobi
lization of internal stores of Ca2 + . 

When platelets were first stimulated with thrombin to allow normal mobilization 
of Ca2+ , the subsequent addition of PGI2 (or PGD2, PGEJ, or forskolin) caused 
the elevated [Ca2 + 1, to rapidly fall back to the normal prestimulus level at either 
37°C (Feinstein et al., 1983) or 23°C (Zavoico and Feinstein, 1984). A similar 
effect with PGE\ was reported by Yamanishi et at. (1983). 

Stimulation of adenylate cyclase might prevent the thrombin-induced rise in 
[Ca2 + 1, by inhibiting the initial receptor-linked reactions that mobilize Ca2 + stores 
andlor enhancing Ca2+ sequestration. Under certain conditions, cAMP-dependent 
protein kinase has been reported to stimulate calcium uptake by platelet microsomal 
membrane vesicles (Kaser-Glanzmann et at., 1977), although this is disputed by 
Le Peuch et al. (1983). A mitochondrial uncoupler (e.g., FCCP) did not inhibit 
the PGlz-stimulated fall of [Ca2+1i (Halenda et at., 1985), and a Na + ICa2 + exchange 
mechanism does not seem to be involved either since the response to PGI2 was not 
inhibited by lack of Na + in the medium. On the contrary, we found that PGI2 was 
more effective in the absence of Na + . 

Another possible mechanism is that the production of a messenger necessary 
for the mobilization of Ca2 + is terminated by a cAMP-dependent reaction, thereby 
allowing the normal transport processes to act unimpeded to restore [Ca2 + 1i to its 
basal level. 

Cyclic AMP can inhibit phospholipase C activity (Rittenhouse-Simmons, 1979) 
and therefore can prevent the hydrolysis of the phosphoinositides that have been 
proposed to be involved in Ca2+ mobilization. Furthermore, if cAMP were to 
inhibit PIP2 breakdown, then the formation of IP3, a reputed second messenger for 
mobilization of Ca2+ (Berridge, 1983; Streb et al., 1983; Joseph et al., 1984), 
would be reduced. 

Prostaglandin E\ and dibutyryl cAMP have been reported to inhibit diacylgly
cerol production (Rittenhouse-Simmons, 1979; Imai et al., 1983) and phospho
inositide metabolism (Rendu et at., 1983). In contrast, the initial breakdown of 
PIP2 caused by PAF-acether in horse platelets was reported to be insensitive to a 
high concentration of PGI2 (Billah and Lapetina, 1983). We have measured Ca2 + 
mobilization and lipid metabolism concurrently in quin-2-loaded human platelets 
stimulated by thrombin. Prostacyclin, PGD2, and dibutyryl cAMP all inhibited 
[32PJPIP2 breakdown, [3H1diacylglycerol and e2P1phosphatidic acid formation, and 
Ca2+ mobilization concurrently (Halenda et at., 1985). Prostacyclin inhibited the 
initial fall of [32P1PIP2 as well as the subsequent increase above control levels that 
normally occurs. The inhibition of PIP2 turnover would also suppress the formation 
of IP} which can release Ca2+ from an isolated Ca2+ -accumulating membrane 
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fraction (O'Rourke et al., 1985). The suppression of inositol-l ,4,S-trisphosphate 
production might account for the depression of Ca2 + mobilization. Further work 
will be necessary to determine if a direct relationship exists. Prostacyclin inhibited 
Ca2 + mobilization and lipid metabolism induced by 1.0 Vlml thrombin over a range 
from O.S to 10 nM (Fig. 3). 

The rise of [Ca2 +li was prevented by PGh somewhat more effectively than 
diacylglycerol production or breakdown of PIP2 • This suggests that cyclic AMP 
may control [Ca2 +l by mechanisms in addition to inhibition of phosphoinositide 
breakdown. The ability of PGI2 to simultaneously suppress increases in [Ca2 +l 
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FIGURE 3. Inhibition of [Ca2 +1, mobilization, PIP2 breakdown (e), and 1,2-diacylglycerol (0) 
formation by PGI2. Platelets were loaded with quin-2 and either [3Hlarachidonic acid (to measure 
OG) or [32Plphosphate (to measure PIP2). Stimulation was by 1.0 U/ml thrombin. 
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and the production of diacylglycerol probably contributes substantially to its ability 
to strongly inhibit platelet responses to stimulation. 

2.2. Antagonism of Adenylate Cyclase Stimulators by Epinephrine 
and ADP 

In intact platelets epinephrine and AOP can reduce the concentration of cAMP 
that has previously been elevated by adenylate cyclase stimulants (Mills, 1975). 
They also inhibit basal and hormone-stimulated adenylate cyclase activity in platelet 
particulate fractions (Jakobs et al .. 1978; Cooper and Rodbell, 1979). Both antag
onists act through specific receptors coupled to guanine nucleotide-binding proteins 
(NJ that inhibit the enzyme (Smith and Limbird, 1982; Cooper and Rodbell, 1979). 
Therefore, in the simultaneous presence of prostaglandins and epinephrine (or AOP), 
the rate of cyclic AMP production should represent the net balance between the 
effects of the various receptors on the stimulatory (N,) and inhibitory (N,) 
(Murayama and Ui, 1983; Jakobs et al .. 1981; Rodbell, 1980) OTP-binding protein 
regulators of adenylate cyclase activity. 

This dynamic balance between the opposing forces acting on the enzyme was 
clearly reflected in the changes in [Ca2 +1i levels that were produced in stimulated 
platelets. Epinephrine and AOP antagonized the effects of POI2 , P002 , and for
skolin on [Ca2+), in thrombin-stimulated platelets, but they were unable to reverse 
the effects of dibutyryl cAMP (Fig. 2), presumably because the cAMP analogue 
can bypass adenylate cyclase to directly activate cAMP-dependent kinases (Zavoico 
and Feinstein, 1984). The inhibition of Ca2 + mobilization by the adenylate cyclase 
stimulants was largely prevented if epinephrine (or AOP) was added prior to pros
taglandins (or forskolin), and the platelets then were stimulated with thrombin (Fig. 
4A). In addition, the ability of P002 and POI2 , added after stimulation by thrombin, 
to rapidly restore elevated [Ca2+), to its basal level was also counteracted by 
epinephrine and AOP (Fig. 4A). Epinephrine and AOP by themselves had little or 
no effect on [Ca2 + ], when added to washed platelets in the absence of thrombin or 
prostaglandins; sometimes a transient rise of [Ca2+ 1, of < 100 nM was observed. 

Epinephrine and AOP can also reverse the effects of POI2 , P002 , or forskolin 
(Zavoico and Feinstein, 1984). Platelets were first incubated with P002 or POIz 
and then stimulated with thrombin. After the abortive rise in [Ca2+), had subsided, 
the addition of epinephrine (or AOP) caused a further increase in [Ca2 +), up to 
levels ranging from 300 nM to about 700 nM (Fig. 48). Both the rate and extent 
of rise of [Ca2 + 1, under these conditions were substantially less than the response 
of untreated platelets to thrombin. This was probably because of the onset of 
desensitization to thrombin by the time epinephrine (or AOP) was added. The partial 
rise in [Ca2 +), was accompanied by secretion, but at a lower rate than normal for 
the amount of thrombin present (Fig. 48). Preliminary experiments (unpublished) 
indicate that epinephrine also partially reverses the depression of PIP2 breakdown 
caused by POI2 . 
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FIGURE 4. Antagonism of PGb by epinephrine. (A) Measurement of [CaH ], with quin-2. Control 
response to thrombin (1.0 U/ml), inhibition by 10 nM PGb, and reversal of PGI2 effect by 1 J.l.M 
epinephrine. Last panel shows rapid fall of [Ca2 +], when PGI2 is added at peak of response to 
thrombin (10-15 sec) and the inhibition of the PGI2 effect by epinephrine. (B) Simultaneous 
measurement of [Ca2+], with quin-2 and dense granule secretion with an extracellular Ca2 + 
electrode. Upper panel is control response to 1.0 U/ml thrombin. Lower panel shows inhibition 
of [Ca2 +], mobilization and secretion by PGI2 and the reversal of both effects by epinephrine (1 
J.l.M). Note that the rise in [Ca2 +], after epinephrine was slower and smaller than the control 
response. Furthermore, secretion occurred after a much longer lag period and was much slower 
than normal, although the same total amount of calcium was secreted. Temperature was 23°C; 
extracellular Ca2 + was 50 J.l.M. 
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Epinephrine and ADP were able to increase [Ca2+1i even in the absence of 
Ca2 + in the medium, but intact phosphodiesterase activity was necessary since the 
effect was inhibited by theophylline. Although ADP and epinephrine can reduce 
elevated cAMP back to basal levels, the presence of a phosphodiesterase inhibitor 
slows the fall, and the new steady-state level of cAMP attained remains well above 
normal (Mills, 1974). The response to epinephrine (and ADP) also depended on 
the occupancy of thrombin receptors, since no effects on [Ca2 +]. were elicited if 
thrombin was first removed by hirudin. These experiments imply that the mecha
nisms for mobilizing calcium, although inhibited by a cAMP-dependent reaction, 
remain potentially operant for some time as long as thrombin continues to be 
associated with its receptor. 

All of the effects of epinephrine on [Ca2+1, were blocked by yohimbine, an 
(Xz-adrenoreceptor antagonist, but not by corynanthine, which is a highly selective 
(XI antagonist (Weitzell et al., 1979). (X-Adrenergic receptors mediate two types of 
physiological responses: (1) inhibition of adenyl ate cyclase (Fain and Garcia-Sainz, 
1980) and (2) increasing [Ca2 + 1, (Charest et al., 1983) and increased turnover of 
phosphoinositides (Fain and Garcia-Sainz, 1980). Different subsets of (X receptors 
mediate these effects since (X I receptors are linked to the Ca2 + and lipid effects 
and (X2 receptors have been suggested to act solely on adenylate cyclase (Fain and 
Garcia-Sainz, 1980). Platelet aggregation appears to be mediated by (X2 receptors 
since it is much more effectively inhibited by the (X2 antagonist yohimbine than by 
prazosin, an (X2 antagonist (Grant and Scrutton, 1979). This is consistent with our 
finding that epinephrine had little effect on Ca2 + by itself and strongly suggests 
that epinephrine may produce aggregation of platelets in plasma by affecting aden
ylate cyclase or through some action involving GTP-binding proteins that is as yet 
unknown. 
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Heme-Polyenoic Acid Interaction 
and Prostaglandin Synthesis 

GUNDU H. R. RAO and JAMES G. WHITE 

1. BACKGROUND 

Yoshimoto and associates (1970) were first to demonstrate that heme is required 
for enhancing the activity of prostaglandin synthetase enzymes. Ogino et at. (1978) 
found very little iron in purified endoperoxide synthetase but found that the enzyme 
required metalloporphyrins for its activity. Ultrastructural studies from our labo
ratory using an iron-reactive drug, diaminobenzidine, reported that enzymes in
volved in endoperoxide generation are localized in the dense tubular system (DTS) 
of human platelets. The fact that heme iron acts as a catalyst for the isolated enzymes 
and that heme-complexing compounds react with these enzymes in the platelet DTS 
prompted us to evaluate the role of iron and heme in arachidonic acid oxidation. 
Using a cell-free system, we showed that ferrous iron and heme can induce oxidation 
of polyenoic acids and the extent of oxidation was related to the degree of unsat
uration in the fatty acids. The iron-induced oxidation of fatty acids was not inhib
itable by radical scavengers or by superoxide dismutase. Heme or iron chelators, 
as well as several of the known inhibitors of cycIooxygenase, blocked this reaction. 
Ferrous iron chelators and heme-compIexing agents inhibited prostaglandin syn
thesis as well as platelet function. In vivo studies using a short-acting drug, ibu
profen, and an irreversible inhibitor of cycIooxygenase, aspirin, confirmed our 
findings that the majority of prostaglandin inhibitors exert their effect by interfering 
with heme-arachidonic acid interaction. Based on this evidence, we hypothesized 
that polyenoic acid released from platelet membranes following activation could 
compete for the heme site and inhibit the conversion of arachidonic acid. 

Recent studies have shown that eicosapentaenoic acid (EPA, 20:5(3) and 
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docosahexaenoic acid (DHA, 22:6w3) can be incorporated into platelet membrane 
phospholipids and released in response to stimulation by potent agonists. The re
leased fatty acids could compete with arachidonic acid for cyclooxygenase. Effects 
of these fatty acids on thromboxane synthesis and platelet function have been 
evaluated in the present study. Both fatty acids blocked arachidonate-induced ag
gregation of platelets and prevented the second-wave response to adenosine di
phosphate and epinephrine. Inhibition induced by these fatty acids could be over
come by a higher concentration of agonists. Docosahexaenoic acid, a poor substrate 
for cyclooxygenase even at a concentration of 150 j.LM, was as potent as aspirin 
in preventing the conversion of radiolabeled arachidonic acid to thromboxane. 
Unlike aspirin-treated platelets, DHA-treated cells, when washed and stirred with 
labeled arachidonic acid, generated as much thromboxane as control platelets. These 
results and our earlier observations on the role of heme in modulation of cycloox
ygenase activity suggest that polyenoic acids, if released in sufficient quantities in 
the vicinity of cyclooxygenase enzymes, could effectively compete with the favored 
substrate, arachidonic acid, thereby preventing conversion to endoperoxides. 

2. INTRODUCTION 

Intense interest in platelet and endothelial prostaglandin biosynthesis has de
veloped in recent years because alterations in the synthetic pathway of these me
tabolites may lead to thrombotic or hemorrhagic disorders (Allen, 1974; Marcus, 
1978; Burch and Majerus, 1979; Gorman, 1979; Gryglewski, 1980; Mustard and 
Kinlough-Rathbone, 1980; Harlan and Harker, 1981; Buchanan and Hirsch, 1982; 
Granstrom et at., 1982). As a result, there has been a considerable effort to develop 
nontoxic drugs that may help prevent or control the contribution of platelets and 
endothelial cells to thrombotic and hemorrhagic diseases, atherosclerosis, and in
flammatory conditions (Hamberg et at., 1974; Needleman et at., 1976; Bills et at., 
1977; Moncada et at., 1977; Weksler et at., 1977; Forster, 1980; Packham and 
Mustard, 1980; Packham, 1983). 

Stimulation of platelets or endothelial cells initiates activation of phospholi
pases resulting in the release of polyenoic acids (Bills et al., 1977; Weksler et at., 
1977). Arachidonic acid, the major natural polyenoic acid released from these cells, 
is transformed by cyclooxygenase into cyclic endoperoxides (prostaglandin G2 and 
prostaglandin H2) (Hamberg et at., 1974). The endoperoxides are immediately 
converted to thromboxane A2 in platelets and to prostacyclin (PGI2) in endothelial 
cells (Needleman et at., 1976; Moncada et at., 1977). Although information about 
cellular production and drug-induced inhibition of eicosanoids and their role in 
pathophysiology is available, little is known about natural mechanisms modulating 
the synthesis of these biologically active compounds. Our interest in the role of 
iron in arachidonic acid metabolism began with localization of prostaglandin
synthesizing enzymes in the platelet dense tubular system (Gerrard et at., 1976). 
Since that observation, we have maintained an ongoing investigation to define 
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the role of heme in polyenoic acid metabolism. These studies led to a hypothesis 
suggesting that heme-arachidonic acid interaction was the critical step in platelet 
fatty acid oxidation by cyclooxygenase (Peterson et al., 1979). Here we review 
our findings as they relate to heme-arachidonic acid interaction and the mech
anism of action of cyclooxygenase inhibitors. 

3. LOCALIZATION OF PROSTAGLANDIN SYNTHETASE 
IN PLATELETS 

The enzyme catalyzing the initial oxygenation of polyenoic acids is generally 
referred to as fatty acid cyclooxygenase. This step is followed by the cleavage of 
15-hydroperoxide of PGG to generate PGH. Both of these reactions require heme 
and are catalyzed by a homogeneous preparation of an enzyme (prostaglandin 
endoperoxide synthetase) purified from bovine vesicular gland microsomes (Ohki 
et al., 1979). Earlier work on platelet prostaglandin production included studies on 
intact cells as well as lysates and microsomal preparations. Since platelet microsomal 
fractions include a mixture of plasma membranes, organelle membranes, membranes 
of the open canalicular system, and membranes of the dense tubular system, Gerrard 
et al., (1976) conducted studies to localize the site for prostaglandin synthesis. 
Janszen and Nugteren (1971) had used a histochemical procedure employing di
aminobenzidine to localize prostaglandin biosynthesis in columnar epithelial cells 
of the sheep vesicular glands. White (1972), using this technique in an earlier study, 
demonstrated peroxidase in platelets in the membranes of the dense tubular system. 
Ultrastructural studies by Gerrard et al. (1976) using diaminobenzidine reactions 
demonstrated that prostaglandin synthetase activity was confined to the peroxidase
positive areas of the dense tubular system in platelets. Aminotriazole, which spe
cifically inhibited this reaction, blocked platelet arachidonic acid conversion as well 
as the aggregatory response of platelets to the action of arachidonate. Recent studies 
by Carey et al. (1982) have confirmed these findings. They used high-voltage free
flow electrophoresis to separate and isolate membranes of the dense tubular system 
from surface membranes. Their studies suggest that a sequence of activities leading 
to the biosynthesis of endoperoxides and thromboxanes from the substrate arachi
donic acid is associated with the membranes of the dense tubular system. 

4. POL YENOIC ACID OXIDATION IN A CELL-FREE SYSTEM 

Demonstration of the requirement for hemoglobin or metalloporphyrin for the 
activation of prostaglandin synthesis (Yoshimoto et al., 1970; Ogino et al., 1978) 
and localization of the enzymes in specific internal membrane systems 
(Gerrard et al., 1976) by using an iron-complexing agent prompted many workers 
to explore the role of free radicals in prostaglandin synthesis and platelet function 
(Panganamala etal., 1974,1976; Rao etal., 1976; Egan etal., 1976). In an attempt 
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to demonstrate the role of oxygen radicals, Rao et aL. (1978a) showed that a 
combination of nitroblue tetrazolium and vitamin E inhibited platelet function. 
However, they were not able to demonstrate any inhibitory effect on platelet function 
by radical scavengers or by enzymes such as superoxide dismutase and catalase. 
Studies using a cell-free system containing platelet lysates showed that arachidonic 
acid oxidation could be monitored by a combination of nitroblue tetrazolium (NBT) 
and vitamin E (Rao et aL., 1978a). Fatty-acid-induced NBT reduction was not 
inhibitable by superoxide dis mutase , suggesting that superoxide anion was not 
involved in this reaction. For further elucidation of this phenomenon, ferrous iron 
was used to oxidize polyenoic acid (Rao et aL., 1978a). Fatty acid oxidation was 
measured in two different ways: (1) from formation of conjugated intermediates by 
the increase in UV absorbance at 232 nm and (2) by measuring thiobarbituric-acid
positive compounds. Ferrous-iron-induced oxidation of fatty acids required oxygen, 
and the degree of oxidation related to the number of double bonds. Ferrous iron 
was converted to ferric iron during the oxidation of fatty acids. 

Utilizing nitroblue reduction as an endpoint to monitor ferrous-iron-induced 
oxidation of arachidonic acid, Peterson et aL. (1978) showed that the molar ratio 
of Fe2 + to arachidonic acid in this rapid reaction was 1 : 1, suggesting an interaction 
of one fatty acid molecule with one molecule of iron. Since ferrous-iron-induced 
oxidation of fatty acids monitored by NBT reduction was not inhibited by superoxide 
dismutase or catalase, the radical initiating the reduction of NBT was not one of 
the reduced oxygen species. Therefore, they hypothesized that ferrous-iron-induced 
oxidation of fatty acid led to formation of an active species of arachidonic acid 
responsible for NBT reduction (Rao et aL., 1976). 

Although no direct proof was provided for the generation of an arachidonic 
acid radical in these studies, recent investigations by Mason et aL. (1980) dem
onstrated formation of a carbon-centered radical intermediate in the prostaglandin 
synthetase oxidation of arachidonic acid by ESR spectroscopy. Peterson and as
sociates (1979), based on studies of several known cyclooxygenase inhibitors, 
proposed a molecular model to explain the mechanism by which indomethacin 
exerts its inhibitory effects on the ferrous-iron-induced oxidation of arachidonic 
acid (Fig. 1). They demonstrated that ibuprofen and tolmetin, two other prosta
glandin synthetase inhibitors, also block the reaction of Fe2 + with arachidonic acid, 
suggesting a general mechanism of action for this class of drugs. 

5. FERROUS IRON AND HEME-COMPLEXING AGENTS AS 
INHIBITORS OF PLATELET FUNCTION 

Gerrard et al. (1976) demonstrated that aminotriazole, an inhibitor of perox
idase and an iron chelator, blocked arachidonic acid conversion to prostaglandins. 
Peterson and associates (1978), who used the NBT reduction assay to monitor 
ferrous-iron-induced oxidation of arachidonic acid, speculated that NBT traps the 
arachidonic acid radical and vitamin E enhances the availability of NBT for this 
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FIGURE 1. A postulated model for the interaction of ferrous iron and indomethacin, a cycloox
ygenase inhibitor. The carboxylate and amide groups of indomethacin are shown interacting 
with the valences of iron to form this complex. (From Peterson et aI., 1979, with permission.) 

process. Thus, the combination of these agents prevents arachidonic acid metab
olism. Extending this hypothesis, Rao et al. (1979) demonstrated that NBT and 
vitamin E block conversion of labeled arachidonic acid to prostaglandins by sheep 
vesicular gland enzymes. To further elucidate the mechanism of action of cyc1oox
ygenase inhibitors, a cell-free system was used in which ferrous-iron-induced ox
idation of arachidonic acid was followed in the presence of NBT (Peterson et al., 
1978, 1979). Inhibitors such as indomethacin, ibuprofen, and tolmetin were used 
in these studies to demonstrate affinity of these drugs for Fe2 +. The results dem
onstrated that indomethacin formed a one-to-one complex with ferrous iron and 
inhibited arachidonic acid oxidation and NBT reduction. They further demonstrated 
that the Fe2 + -indomethacin complex dissociated in the presence of arachidonic 
acid. In these studies, ibuprofen and tolmetin also exerted inhibitory effects on the 
interaction of Fe2 + with arachidonic acid. In an earlier study, Vargaftig et al. (1978) 
demonstrated that ortho-phenanthroline, a ferrous iron chelator, could bind to the 
enzyme and protect it from the inhibitory effect of aspirin. Van der Ouderaa et al. 
(1977) found that during the purification of the enzyme the heme dissociates, and 
reconstitution of heme is critical for cyc100xygenase activity, thereby confirming 
the observations of several investigators regarding the heme requirement for max
imal enzyme activity (Ohki et al., 1979; Yoshimoto et al., 1970; Ogino et al., 
1978). 

Since heme iron is required for the activity of cyc1ooxygenase, Peterson et al. 
(1978, 1979) substituted heme for ferrous iron in their studies using the NBT 
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reduction assay developed by Rao et al. (1978a) to evaluate heme interaction with 
arachidonic acid. Their results demonstrated that ferrous heme is essential for 
arachidonic acid oxidation. In isolated enzyme systems, ferric heme is commonly 
used for enhancing the activity of prostaglandin synthesizing enzymes. Studies by 
Rao and associates (1978a), however, demonstrated that ferrous iron or ferrous 
heme was essential for the oxidation of polyenoic acids. Therefore, a mechanism 
must be available to convert the ferric heme to ferrous heme. Peterson et al. 
(1980a,b,c) showed that fatty acid peroxides and physiologically available com
pounds such as epinephrine, tryptophan, and ascorbic acid could reduce ferric heme 
to the ferrous state, suggesting that reduction of heme is critical for the activation 
of prostaglandin synthetase as well as lipoxygenases. Results of these studies pro
vided additional evidence for the earlier hypothesis on the role of ferrous heme in 
polyenoic acid oxidation and suggested a rationale for the functional regulation of 
cyclooxygenase activity. 

Peterson and Gerrard (1979) built a model to show that, sterically, it was 
possible for arachidonic acid to interact with heme. According to this model, 
arachidonic acid will have to attach by its carboxylate group to Fe2 + ligand on one 
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FIGURE 2. A proposed model for the interaction of heme, arachidonic acid, and oxygen. In the 
model, an oxygen from the carboxylic acid residue of the arachidonic acid binds to the Fe2 + 

ligand below the plane of the porphyrin ring of the heme. The fatty acid then wraps around the 
heme, and the ell interacts with the oxygen bound to the Fe2 + ligand above the plane of the 
porphyrin ring. (From Peterson and Gerrard, 1979, with permission.) 
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side of the heme and wind around the protoporphyrin ring. The CII double bond 
would then interact with the oxygen bound to the second available ligand on the 
other side of heme (Fig. 2). 

Since heme iron has only two available ligands, one below and the other above 
the plane of the porphyrin ring, Rao et al. (1980) evaluated bidentate and unidentate 
compounds for their inhibitory effect on platelet arachidonic acid conversion. Ac
cording to the proposed model of Peterson and Gerrard (1979) for heme-arachidonic 
acid interaction, both unidentate and bidentate chelators would be expected to inhibit 
the complex mentioned above. Results obtained with agents such as 2,2'-dipyridyl, 
4,4' -dipyridyl, 1, 17-phenanthroline, and 1, 7-phenanthroline suggest that un identate 
and bidentate chelators are equally effective in inhibiting this reaction, since an 
effective chelator would need only one functional position to interfere with the 
heme-arachidonic acid interaction. 

6. COMPETITION BY DRUGS FOR THE ACTIVE SITE 
ON THE ENZYME 

Vargaftig et al. (1975) demonstrated that metal-complexing agents inhibited 
the arachidonic-acid-induced platelet aggregation and concluded from their results 
that copper was involved in the bioconversion of arachidonic acid. In a separate 
study, they showed that phenanthrolines, as well as salicylate, prevented the in
hibition of cyclooxygenase by aspirin, suggesting a competition for a single site as 
opposed to multiple-site interaction. McDonald and Ali (1978) also observed a 
protective effect of salicylate and sulfinpyrazone on aspirin-induced inhibition of 
cyclooxygenase. To evaluate if the salicylate was competing for the same site as 
acetylsalicylic acid, Peterson et al. (1981) tested these drugs for their effect on 
heme-arachidonic acid interaction. Their results showed that salicylic acid, a weak 
inhibitor of platelet cyclooxygenase, was as potent as acetylsalicylic acid in pre
venting the oxidation of arachidonic acid by ferrous iron. 

Recent in vivo studies have shown that salicylate, sulfinpyrazone, indometh
acin, and ibuprofen can effectively block the irreversible inhibition of cyclooxy
genase by aspirin (Rajtar et al., 1981; Cerletti et al., 1982; Livio et al., 1982; Rao 
et al., 1983a). Cerletti et al. (1982) have suggested that there are two active sites 
on platelet cyclooxygenase for drug interaction. Studies done by several investi
gators suggest a common site on the cyclooxygenase for drug interaction (Rao et 
al., 1980, 1983a,b; Vargaftig, 1978; McDonald and Ali, 1978; Peterson et al., 
1981; Rajtar et at., 1981; Livio et al., 1982). This active site seems to be metal 
sensitive, and available evidence suggests it to be a heme protein. Therefore, most 
inhibitors of prostaglandin synthesis appear to exert their inhibitory effect by in
terfering with the redox state of the heme essential for activity of the enzyme. 
Although the presence of additional groups, such as acetyl or fluoride, on the drug 
and their reaction with other sites on the enzyme may confer longlasting inhibitory 
effects (Rao et al., 1983a,b). 
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7. COMPETITION BY SUBSTRATES FOR THE ACTIVE SITE ON 
THE ENZYME 

Although eicosatetraenoic acid is the favored substrate of platelet and endo
thelial cell cyclooxygenase, this enzyme will convert other polyenoic acids to their 
metabolites if they are offered as a substrate (Struijk et al., 1966; Needleman et 
al., 1979; Whitaker et al., 1979; Spector et al., 1983; Fischer and Weber, 1983, 
1984). Fish fats are rich in eicosapentaenoic acid, docosapentaenoic acid, and 
docosahexaenoic acid (Culp et al., 1980). Several recent studies have suggested 
that subjects whose diet consists mainly of fish as the major source of nutrients 
have a low risk of cardiovascular disease (Dyerberg et al., 1975, 1978; Homstra, 
1975; Bloch et al., 1979; Dyerberg and Bang, 1979; Jakubowski and Ardlie, 1979; 
Lands et al., 1980; Needleman et al., 1980; Siess et al., 1980; Brox et al., 1981; 
Homstra et al., 1981; Saynor and Verel, 1981; Thomgren and Gustafson, 1981; 
Hay et al., 1982; Morita et al., 1983). It has been proposed that the beneficial 
effect of altered dietary fat arises from the conversion of EPA to eicosanoids such 
as prostacyclin (PGh) and thromboxane (TxA3) (Needleman et al., 1979, 1981; 
Whitaker et al., 1979; Nidy and Johnson, 1978; Smith et al., 1979; Hamberg, 
1980). These products differ in their properties from naturally occurring prostacyclin 
(PGI2) and thromboxane A2 (TxA2) derived from eicosatetraenoic acid (AA, 20:4w3). 
Prostacyclin (PGI3) seems to be as potent as PGI2 in inhibiting platelet function, 
whereas thromboxane A3 (TxA3) has been shown to be less active than TxA2 in 
causing platelet aggregation (Needleman et al., 1979, 1980; Jakubowski and Ardlie, 
1979). A recent study by Corey et al., (1983) showed that DHA is a potent 
competitive inhibitor of arachidonic acid transformation by sheep vesicular gland 
cyclooxygenase. Aveldano and Sprecher (1983) have further demonstrated that 
DHA could be converted to their respective hydroxy acids by platelet lipoxygenase. 

These studies suggest that polyenoic acids could alter prostaglandin metabolism 
in several ways. First, they can substitute for arachidonic acid and form prosta
glandins of the 3 series. Second, they can compete for the enzyme and act as 
competitive inhibitors of the natural substrate arachidonic acid. Third, they can 
form hydroperoxy acids via lipoxygenase and exert inhibitory effects on platelet 
function through the actions of these metabolic products. However, considerable 
confusion exists as to which of these mechanisms the beneficial effect of a fish diet 
could be attributed to. 

Rao et al. (1983b) in a recent study have offered yet another possibility to 
explain the mechanism of inhibition by polyenoic acid. If sufficient polyenoic acids 
are released in the vicinity of the enzyme, fatty acids may compete with each other 
for the active site of cyclooxygenase and act as competitive inhibitors. Results of 
their study show that both EPA and DHA can effectively inhibit arachidonic-acid
induced aggregation of platelets and the second-wave response of platelets to the 
action of epinephrine and adenosine diphosphate (Fig. 3). Docosahexaenoic acid 
was found to be as potent as aspirin in inhibiting the conversion of labeled arachi
donic acid to thromboxane. However, unlike aspirin, DHA-treated platelets, on 
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FIGURE 3. Eicosapentaenoic acid (EPA) as well as docosahexaenoic acid (OHA) at 150 fJ.M 
concentration blocked the second-wave response of platelets in plasma to the action of 5 fJ.M 
epinephrine. 

washing, could convert normal levels of thromboxane from arachidonic acid, sug
gesting the transient nature of DHA-induced inhibition. 

A similar reversible inhibitory effect has been demonstrated by a ferrous iron 
chelator, dipyridyl (Rao et at., 1980). Since EPA and DHA are relatively poor 
substrates for cyclooxygenase, an alternative mechanism in which all three fatty 
acids are favored equally in a reaction is appealing (Corey et at., 1983; Hamberg, 
1980; Rao et at., 1978a, 1983b). Since, in the course of ferrous-iron- or heme
mediated oxidation, EPA and DHA are oxidized to a greater extent than arachidonic 
acid, it is reasonable to speculate that all three fatty acids compete for the heme 
site on the enzyme whether or not they are converted to significant quantities of 
vasoactive metabolites (Rao et al., 1978a, 1983b; Peterson et al., 1980a,b,c). If 
sufficient quantities of these fatty acids (EPA, DPA, and DHA) are incorporated 
into platelet and endothelial membrane phospholipids and released in significant 
quantities in response to the normal physiological stimuli, then the fatty acids 
themselves or their metabolites generated by the actions of cyclooxygenase or 
lipoxygenase may exert inhibitory effects on platelet and endothelial cell function. 

In conclusion, our studies suggest a critical role for ferrous heme in polyenoic 
acid oxidation and the formation of eicosanoids. Ferrous-iron- or heme-mediated 
oxidation of fatty acids is not inhibitable by superoxide dismutase or catalase but 
is effectively blocked by iron chelators and heme-complexing agents. Based on our 
results, we have presented a novel concept of heme-arachidonic acid interaction. 
Results of our studies suggest that the majority of the cyclooxygenase inhibitors 
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block and prevent the fonnation of metabolites of polyenoic acids by interfering 
with this critical mechanism. We have extended these ideas further to provide an 
alternative explanation as to a possible mechanism by which polyenoic acids could 
compete for this heme-associated site on the enzyme cyclooxygenase and prevent 
the conversion of the favored substrate, arachidonic acid. 

REFERENCES 

Allen, J. E., 1974, Prostaglandins in hematology, Arch. Intern. Med. 133:86-96. 
Aveldano, M. I., and Sprecher, H., 1983, Synthesis of hydroxy fatty acids from 4,7,10,\3,16,19-[1-

14C]docosahexaenoic acid by human platelets, J. Bioi. Chem. 258:9339-9343. 
Bills, T. K., Smith, J. B., and Silver, M. J., 1977, Selective release of arachidonic acid from the 

phospholipids of human platelets in response to thrombin, J. Clin. Invest. 60:1-6. 
Bloch, K. L., Culp, B., Madison, D., Randall, O. S., and Lands, W. E. M., 1979, The protective 

effects of dietary fish oil on focal cerebral infraction, Prostaglandins Med. 5:247-258. 
Brox, J. H., Killie, J. E., Gunnes, S., and Nordoy, A., 1981, The effect of cod liver oil and com oil 

on platelets and vessel wall in man, Thromb. Haemostas. 46:604-611. 
Buchanan, M. R., and Hirsch, J., 1982, Prostaglandins: Their role in hemostasis and thrombosis, in: 

Acetylsalicylic Acid: New Uses for an Old Drug (H. J. M. Barnett, J. Hirsch, and J. F. Mustard, 
eds.), Raven Press, New York, pp. 33-43. 

Burch, J. W., and Majerus, P. W., 1979, Prostaglandins in platelet function, Semin. Hematol. 16:196-207. 
Carey, F., Menashi, S., and Crawford, N., 1982, Localization of cyclooxygenase and thromboxane 

synthetase in human platelet intracellular membranes, Biochem. J. 204:847-851. 
Cerletti, c., Livio, M., and DeGaetano, G., 1982, Non-steroidal anti-inflammatory drugs react with 

two sites on platelet cyclooxygenase. Evidence from in vivo drug interaction studies in rats, Biochim. 
Biophys. Acta 714:122-128. 

Corey, E. J., Shih, C., and Cashman, J. R., 1983, Docosahexaenoic acid is a strong inhibitor of 
prostaglandin but not leukotriene biosynthesis, Proc. Natl. Acad. Sci. U.S.A. 80:3581-3584. 

Culp, B. R., Lands, W. E. M., Lucches, B. R., Pitt, R., and Romson, J., 1980, The effect of dietary 
supplementation of fish on experimental myocardial infarction, Prostaglandins 20:1021-1031. 

Dyerberg, J., and Bang, H. 0., 1979, Hemostatic function and platelet polyunsaturated fatty acids in 
Eskimos, Lancet 2:433-435. 

Dyerberg, J., Bang, H. 0., and Hjome, N., 1975, Fatty acid composition of the plasma lipids in 
Greenland Eskimos. Am. J. Clin. Nutr. 28:958-966. 

Dyerberg, J .• Bang. H. 0., Stofferson. S .• Moncada, S., and Vane, J. R., 1978, Eicosapentaenoic 
acid and prevention of thrombosis and atherosclerosis, Lancet 2:117-119. 

Egan. R. W., Paxton, J., and Kuehl, F. A .• Jr., 1976, Mechanism for reversible self-deactivation of 
prostaglandin synthetase, J. Bioi. Chem. 251:7329-7335. 

Fischer, S .• and Weber. P. C., 1983. Thromboxane A3 (TxA3) is formed in human platelets after dietary 
eicosapentaenoic acid (C20:5w3), Biochim. Biophys. Res. Commun. 116:1091-1099. 

Fischer, S., and Weber, P. c., 1984, Prostaglandin h is formed in vivo in man after dietary eicosa
pentaenoic acid. Nature 307:165-168. 

Forster, W., 1980, Effect of various agents on prostaglandin biosynthesis and anti-aggregatory effect, 
Acta Med. Scand. 642:35-46. 

Gerrard, J. M .• White, J. G., Rao, G. H. R., and Townsend, D., 1976, Localization of platelet 
prostaglandin production in the platelet dense tubular system, Am. J. Pathol. 83:283-299. 

Gorman, R. R., 1979. Modulation of human platelet function by prostacyclin and thromboxane A2, 

Fed. Proc. 38:83-88. 



HEME-POL YENOIC ACID INTERACTION 367 

Granstrom, E., Diczfalusy, U., Hamberg, M., Hansson, G., Malmsten, c., and Samuelsson, B., 1982, 
Thromboxane A2 : Biosynthesis and effect on platelets, in: Prostaglandins and the Cardiovascular 
System (J. A. Oates, ed.), Raven Press, New York, pp. 15-58. 

Gryglewski, R. 1., 1980, Prostaglandins, platelets and atherosclerosis, CRC Crit. Rev. Biochem. 7:291-338. 
Hamberg, M., 1980, Transformation of 5,8, 11,14, 17-eicosapentaenoic acid in human platelets, Biochim. 

Biophys. Acta 618:389-398. 
Hamberg, M., Svensson, J., Wakabayashi, T., and Samuelsson, B., 1974, Isolation and structure of 

two prostaglandin endoperoxides that cause platelet aggregation, Proc. Natl. Acad. Sci. U.S.A. 
71:345-349. 

Harlan, J. M., and Harker, L. A .. 1981, Hemostasis, thrombosis and thromboembolic disorders. The 
role of arachidonic acid metabolism in platelet-vessel wall interactions, Med. c/in. North Am. 
68:855-880. 

Hay, C. R. M., Durber, A. D., and Saynor, R., 1982, Effect of fish oil on platelet kinetics in patients 
with ischemic heart disease, Lancet 2:1269-1272. 

Homstra, G., 1975, Specific effects of types of dietary fats on arterial thrombosis, in: The Role of Fats 
in Human Nutrition (A. J. Vergroessen, ed.), Academic Press, New York, pp. 303-330. 

Homstra, E., Christ-Hazelhof, Haddeman, E., tenHoor, F., and Nugteren, D. H., 1981, Fish oil feeding 
lowers thromboxane and prostacyclin production by rat platelets and aorta and does not result in 
the formation of prostaglandin I" Prostaglandins 21:727-738. 

Jakubowski, 1. A., and Ardlie, N. G., 1979, Evidence for the mechanism by which eicosapentaenoic 
acid inhibits human platelet aggregation and secretion implications for prevention of vascular 
disease, Thromb. Res. 16:205-217. 

Janszen, F. H. A., and Nugteren, D. H., 1971, Histochemical localization of prostaglandin synthetase, 
Histochemie 27:159-164. 

Lands, W. E. M., Pm, B., and Culp, B. R .. 1980, Recent concepts on platelet functions and dietary 
lipids in coronary thrombosis, vasospasm and angina, Herz 5:34-42. 

Livio, M., Delmaschio, D., Cerletti, c., and deGaetano, G., 1982, Indomethacin prevents the long 
lasting inhibitory effect of aspirin on human platelet cyclooxygenase activity, Prostaglandins 
23:787-796. 

Marcus, A. 1., 1978, The role of lipids in platelet function with particular reference to the arachidonic 
acid pathway, 1. Lipid Res. 19:793-826. 

Mason, R. P., Kalyanaraman, B., Tainer, B. E., and Eling, T. E., 1980, A carboncentered free radical 
intermediate in the prostaglandin synthetase oxidation of arachidonic acid. Spin trapping and oxygen 
uptake studies, J. Bioi. Chem. 255:5019-5022. 

McDonald, J. M., and Ali, M., 1978, Salicylate and sulfinpyrazone reduce inhibition by aspirin of 
platelet cyclooxygenase, c/in. Res. 26:856A. 

Moncada, S., Herman, A. G., Higgs, E. A., and Vane, J. R., 1977, Differential formation ofprostacyclin 
(PGX or PGI,) by layers of the arterial wall. An explanation for the anti-thrombotic properties of 
vascular endothelium, Thromb. Res. 11:323-344. 

Morita, I., Saito, Y., Chang, W. c., and Murota, S., 1983, Effects of purified eicosapentaenoic acid 
on arachidonic acid metabolism in cultured murine aortic smooth muscle cells, vessel walls and 
platelets, Lipids 18:42-49. 

Mustard, J. F., and Kinlough-Rathbone, R. L., 1980, Prostaglandins and platelets, Annu. Rev. Med. 
31:89-96. 

Needleman, P .. Minkes, M., and Raz, A., 1976, Thromboxanes: Selective biosynthesis and distinct 
biological properties, Science 193: 163-165. 

Needleman, P., Ray, L., Minkes, M. S., Ferrendelli, J. A., and Sprecher, H .. 1979, Triene prosta
glandins: Prostacyclins and thromboxane biosynthesis and unique biological properties, Proc. Natl. 
Acad. Sci. U.S.A. 76:944-948. 

Needleman, P., Whitaker, M. 0 .. Wyche, A .. Watters. K .. Sprecher, H., and Raz, A., 1980, Manip
ulation of platelet aggregation by prostaglandins and their fatty acid precursors: Pharmacological 
basis for a therapeutic approach. Prostaglandins 19:165-181. 



368 GUNDU H. R. RAO and JAMES G. WHITE 

Needleman, P., Wyche, A., LeDuc, L., Sankarappa, S. K., Jackschik, B. A., and Sprecher, H., 1981, 
Fatty acids as sources of potential "magic bullets" for the modification of platelet and vascular 
function, Prog. Lipid Res. 20:415-422. 

Nidy, E. G., and Johnson, R. A., 1978, Synthesis of prostaglandin h (PGI3) , Tetrahedron Lett. 
27:2375-2378. 

Ogino, N., Ohki, S., Yamamato, S., and Hayaishi, 0., 1978, Prostaglandin endoperoxide synthetase 
from bovine vesicular gland microsomes. Inactivation and activation by heme and other metallo
porphyrins, J. Bioi. Chern. 253:5061-5068. 

Ohki, S., Ogino, N., Yamamato, S., and Hayaishi, 0., 1979, Prostaglandin hydroperoxidase, an integral 
part of prostaglandin endoperoxide synthetase from bovine vesicular gland microsomes, J. Bioi. 
Chern. 254:829-836. 

Packham, M. A., 1983, Platelet function inhibitors, Thrornb. Haernostas. 50:610-619. 
Packham, M. A., and Mustard, J. F., 1980, Pharmacology of platelet affecting drugs, Circulation 

62:26-41. 
Panganamala, R. Y., Brownlee, N. R., Sprecher, H., and Cornwell, D. G., 1974, Evaluation of 

superoxide anion and singlet oxygen in the biosynthesis of prostaglandins from eicosa-8,1I, 14-
trienoic acid, Prostaglandins 7:21-29. 

Panganamala, R. Y., Sharma, H. R., Heikkila, R. E., Geer, J. c., and Cornwell, D. G., 1976, Role 
of hydroxyl radical scavengers dimethylsulfoxide, alcohols and methional in the inhibition of 
prostaglandin biosynthesis, Prostaglandins 11:599-608. 

Peterson, D. A., and Gerrard, J. M., 1979, A hypothesis for the interaction of heme and arachidonic 
acid in the synthesis of prostaglandins, Med. Hypotheses 5:683-694. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., Krick, T. P., and White, J. G., 1978. Ferrous iron 
mediated oxidation of arachidonic acid. Studies employing nitroblue tetrazolium (NBT), Prosta
glandins Med. 1:304-317. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., and White, J. G., 1979, Inhibition of ferrous iron 
induced oxidation of arachidonic acid by indomethacin, Prostaglandins Med. 2:97-108. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., Mills, E. L., and White, J. G., 1980a, Interaction 
of arachidonic acid and heme iron in the synthesis of prostaglandins, Adv. Prostaglandin Throrn
boxane Res. 6:157-161. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., and White J. G., 1980b, Epinephrine and other 
activators of prostaglandin endoperoxide synthetase can reduce Fe + + + -heme to Fe + + -heme, Pros
taglandins Med. 5:357-365. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., and White, J. G., 198Oc, Reduction of ferric heme 
to ferrous by lipid peroxides: Possible relevance to the role of peroxide tone in the regulation of 
prostaglandin synthesis, Prostaglandins Med. 4:73-79. 

Peterson, D. A., Gerrard, J. M., Rao, G. H. R., and White, J. G., 1981, Salicylic acid inhibition of 
the irreversible effect of acetylsalicylic acid on prostaglandin synthetase may be due to competition 
for the enzyme cationic binding site, Prostaglandins Med. 6:161-164. 

Rajtar, G., Cerletti, c., Livio, M., and deGaetano, G., 1981, Sulphinpyrazone prevents in vivo the 
inhibitory effect of aspirin on rat platelet cyclooxygenase activity, Biochern. Pharmacol. 30:2773-2776. 

Rao, G. H. R., Gerrard, J. M., Eaton, J. W., and White, J. G., 1976, Detection of arachidonic acid 
(AA) free radical formation, an essential step in platelet prostaglandin (PG) synthesis, Blood 
48:977A. 

Rao, G. H. R., Gerrard, J. M., Eaton, J. W., and White, J. G., 1978a, Arachidonic acid peroxidation, 
prostaglandin synthesis and platelet function, Photochern. Photobiol. 28:845-850. 

Rao, G. H. R., Gerrard, J. M., Eaton, J. W., and White, J. G., 1978b, The role of iron in prostaglandin 
synthesis: Ferrous iron mediated oxidation of arachidonic acid, Prostaglandins Med. 1:55-70. 

Rao, G. H. R., Burris, S. M., Gerrard, 1. M., and White, J. G., 1979, Inhibition of prostaglandin 
(PG) synthesis in sheep vesicular gland microsomes (SYGM) by nitroblue tetrazolium (NBT) and 
vitamin E, Prostaglandins Med. 2: 111-121. 



HEME-POL YENOIC ACID INTERACTION 369 

Rao, G. H. R., Cox, C. A., Gerrard, J. M., and White, J. G., 1980, Effect of 2,2'-dipyridyl and 
related compounds on platelet prostaglandin synthesis and platelet function, Biochim. Biophys. 
Acta 628:468-479. 

Rao, G. H. R., Johnson, G. J., Reddy, K. R., and White, J. G., 1983a, Ibuprofen protects platelet 
cyclooxygenase from irreversible inhibition by aspirin, Arteriosclerosis 3:383-388. 

Rao, G. H. R., Radha, E., and White, 1. G., 1983b, Effect of docosahexaenoic acid (DHA) on 
arachidonic acid metabolism and platelet function, Biochem. Biophys. Res. Commun. 117:549-556. 

Saynor, R., and Verel, D., 1981, Effect of a fish oil on blood lipids and coagulation, Thromb. Haemostas. 
46:65A. 

Siess, W. B., Scherer, B., Bohlig, B., Roth P., Kurzmann, I., and Weber, D. c., 1980, Platelet 
membrane fatty acids, platelet aggregation and thromboxane formation during a mackerel diet, 
Lancet 1:441-444. 

Smith, D. R., Weathery, B. c., Salmon, J. A., Ubatula, F. B., Gryglewski, R. J., and Moncada, S., 
1979, Preparation and biochemical properties of PGH 3 , Prostaglandins 18:423-438. 

Spector, A. A., Kaduce, T. L., Figard, P. H., Norton, K. C., Hoak, J. c., and Czervionke, R. L., 
1983, Eicosapentaenoic acid and prostacyclin production by cultured endothelial cells, J. Lipid 
Res. 24:1595-1604. 

Struijk, C. B., Beerthuis, R. K., Pabon, H. J. J., and van Dorp, D. A., 1966, Specificity in the 
enzymatic conversion of polyunsaturated fatty acids into prostaglandins, Rec. Trav. Chim. 
85: 1233-1250. 

Thomgren, M., and Gustafson, A., 1981, Effects of II week increase in dietary eicosapentaenoic acid 
on bleeding time, lipids and platelet aggregation, Lancet 11:1190-1193. 

Van der Ouderaa, F. J., Buytenhek, M., Nugteren, D. H .. and van Dorp, D. A., 1977, Purification 
and characterization of prostaglandin endoperoxide synthetase from sheep vesicular glands, Biochim. 
Biophys. Acta 487:315-331. 

Vargaftig, B. B., 1978, The inhibition of cyclooxygenase of rabbit platelets by aspirin is prevented by 
salicylic acid and by phenanthrolines, Eur. J. Pharmacol. 50:231-241. 

Vargaftig, B. B., Trainer, Y., and Chignard, M., 1975, Blockade by metal complexing agents and by 
catalase of the effects of arachidonic acid on platelets. Relevance to the study of anti-inflammatory 
mechanisms, Eur. J. Pharmaco/. 33:19-29. 

Weksler, B. B., Marcus, A. J., and Jaffe, E. A., 1977, Synthesis of prostaglandin h (prostacyclin) by 
cultured human and bovine endothelial cells, Proc. Natl. Acad. Sci. U.S.A. 74:3922-3926. 

Whitaker, M. 0 .. Syche, A., Fitzpatrick, F., Sprecher, R. H., and Needleman, P., 1979, Triene 
prostaglandins: Prostaglandin D, and icosapentaenoic acid as potential antithrombotic substances, 
Proc. Natl. Acad. Sci. U.S.A. 76:5919-5923. 

White, 1. G., 1972, Interaction of membrane systems in blood platelets, Am. J. Pathol. 66:295-312. 
Yoshimoto, A., Ito, H., and Tomita, K., 1970, Cofactor requirements of the enzyme synthesizing 

prostaglandin in bovine seminal vesicles, J. Biochem. 68:487-499. 



Cardiac Effects of 
Peptidoleukotrienes 

DAVID M. ROTH, CARL E. HOCK, 
DAVID J. LEFER, and ALLAN M. LEFER 

1. INTRODUCTION 

35 

The leukotricncs are a group of newly identified eicosanoids of the lipoxygenase 
pathway of arachidonic acid metabolism (Samuelsson, 1981). The peptide-con
taining leukotrienes (LT) (i.e., LTC4, LTD4, and LTE4) are known to possess potent 
biological properties including bronchoconstriction (Holroyde et al., 1981), 
enhancement of vascular permeability (Peck et al., 1981), and vasoconstriction 
(Y okochi et al., 1982). In this regard, it is well documented that leukotrienes C4 
and D4 are potent coronary constrictors in a number of animal species (Woodman 
and Dusting, 1983; Terashita et al., 1981). Previous work in our laboratory has 
shown that the leukotrienes are potent constrictors of isolated perfused cat coronary 
arteries (Roth and Lefer, 1984). Leukotrienes have also been claimed to exert direct 
negative inotropic effects on the myocardium (Burke et al., 1982). The purpose of 
this investigation was to examine the inotropic effects of the leukotrienes in relation 
to their potent coronary constricting activity and to clarify the relationship between 
coronary vasoactivity and inotropicity in cardiac preparations isolated from three 
commonly used mammalian species. 

2. METHODS 

Three species of animals were studied: adult male cats, male Hartley guinea 
pigs, and Sprague-Dawley rats. The experimental preparations employed were the 
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isolated Langendorff perfused hearts and the isolated papillary muscle preparation. 
Leukotrienes C4 and D4 (Merck-Frosst Laboratories, Dorval, Canada) were stored 
in distilled water at - 71°C until use. 

In the heart perfusion experiments, hearts were excised and placed in ice-cold 
Krebs-Henseleit (K-H) solution. The hearts were attached to the perfusion apparatus 
and perfused through the aorta. Experiments were carried out under both constant
pressure and constant-flow perfusion conditions. The hearts were attached to a 
Statham Ff -03 strain gauge via a suture in the apex of the heart in order to monitor 
myocardial contractile force. The leukotrienes were infused into the aortic inflow 
tract of the heart, and changes in coronary perfusion pressure under constant-flow 
perfusion or in coronary flow under constant-pressure perfusion were monitored. 

In the papillary muscle experiments, right papillary muscles of the cat or left 
papillary muscles of the guinea pig and rat were dissected and mounted in lO-ml 
chambers containing oxygenated K-H solution. The preparations were stimulated 
at 2 V above threshold with a duration of 17 msec and a frequency of lIsec. Resting 
tension of each muscle was set at a point just below that which produced maximum 
contractile force. Changes in contractile force were monitored on the addition of 
the leukotrienes to the bath. Experiments were also carried out in which known 
negative inotropic agents (e.g., sodium pentobarbital) were added to the bath in 
order to test the responsiveness of the preparation. 

3. RESULTS 

The relationship between coronary perfusion pressure and contractile force in 
response to LTC4 (10, 25, 50, and 100 ng/ml) is illustrated in Fig. 1. In constant
flow-perfused rat hearts, it is apparent that there is a close linkage between the 
increase in coronary perfusion pressure and the reduction in contractile force. Fur
thermore, the close relationship is dose dependent and linear at the LTC4 concen
trations studied, with a correlation coefficient of 0.80. Although complete 
dose-response relationships were not determined for cat and guinea pig hearts, 
coronary perfusion pressure/contractile force relationships were similar to those of 
the rat for these species. 

Direct effects of both LTC4 and LTD4 on isolated, electrically paced papillary 
muscles from the three species studied are summarized in Table I. Leukotriene C4, 
given at a concentration that produced near-maximal reduction in contractile force 
in Langendorff perfused hearts (Fig. 1), had no significant inotropic effect in any 
of three species studied. Similarly, LTD4 also did not exhibit direct inotropic activity 
at 50 ng/m!. In contrast, sodium pentobarbital (100 I-Lg/ml) exerted significant direct 
negative inotropic action in all three species, indicating that the papillary muscle 
preparations were responsive to negative inotropic agents. 

Figure 2 represents a typical recording of the effect of LTC4 on constant-flow
perfused rat hearts both before and after treatment with the leukotriene antagonist 
FPL-55712. Pretreatment with 10 I-Lg/ml of the antagonist blocked both the coronary 
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FIGURE 1. Relationship between coronary perfusion pressure and contractile force in constant
flow-perfused rat hearts. Data points represent changes in perfusion pressure and contractile 
force on the addition of L TC4 (10, 25, 50, and 100 mg/ml). All values are means ::t: S.E.M. for 
six hearts in each group. 

TABLE I. Inotropic Effects of Leukotrienes in Isolated Papillary Musclea 

Species 

Cat 
Guinea pig 
Rat 

LTC 
(50 ngiml) 

- 3 ::t: 2 
+5 ::t: 4 
-2 ::t: 4 

LTD. Pentobarbital 
(50 ng/ml) (100 j.l.g/ml) 

+2 ::t: 2 - 66 ::t: 7* 
-4 ::t: 3 -61 ± 5* 

o ::t: 3 - 56 ::t: 9* 

,; All value~ are mean percentage changes -= S E M. for SIX to eight muscles: *P < 001 from control 
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FIGURE 2. Representative recordings of changes in coronary perfusion pressure and contractile 
force in constant-flow-perfused rat hearts in response to L TC4 (25 ng/ml) in the presence and 
absence of FPL-55712 (10 fJ-g/ml). 

constrictor and the cardiodepressant actions of LTC4. Prior to FPL-55712 admin
istration, 25 ng/ml of LTC4 increased coronary perfusion pressure by 48% and 
reduced contractile force by 50%. However, after FPL-55712, coronary perfusion 
pressure increased by only 2%, and contractile force was reduced by only 1 %, 
indicating almost complete blockade of the cardiac actions of LTC4. The coronary 
constrictor and cardiodepressant effects of L TD4 (25 ng/ml) were also completely 
antagonized by FPL-55712. 

In the guinea pig there was a similar antagonism of the cardiac actions of L TC4 
by FPL-55712, as illustrated in Fig. 3. Infusion of LTC4 (25 ng/ml) produced a 
30 ± 2 mm Hg increase in coronary perfusion pressure and a 67 ± 4% reduction 
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FIGURE 3. Results from experiments in which LTC. (25 ng/ml) was added to constant-flow
perfused hearts of guinea pigs before and after treatment of the hearts with FPL-55712 (10 
I-Lg/ml). The bars represent changes in coronary perfusion and changes in contractile force on 
the addition of LTC. before and after FPL-55712 administration. 

in contractile force. Pretreatment with FPL-55712 (10 I-Lg/ml) significantly reduced 
both the rise in coronary perfusion pressure and the reduction in contractile force 
(5 ± 1 mm Hg and 10 ± 2%, respectively; P < 0.0l). These results together with 
those illustrated in Fig. 2 indicate that FPL-55712 almost totally abolishes the 
coronary vasoconstrictor and cardiodepressant actions of L TC4 in both the rat and 
guinea pig heart. 

Figure 4 illustrates the cardiac effects of another vasoconstrictor eicosanoid, 
9,II-methanoepoxy-PGH2 (U-46619), on both the isolated electrically driven cat 
papillary muscle and the isolated Langendorff perfused cat heart. This endoperoxidel 
thromboxane A2 mimetic produced a marked coronary vasoconstriction and con
comitant reduction in contractile force. The large reduction in contractile force is 
entirel y a result of the coronary vasoconstriction since U -46619 has no direct action 
on isolated papillary muscles. These results illustrate that eicosanoid-induced pro
found reduction in contractile force can be explained solely on the basis of the 
coronary vasoactivity of the agents in question. 
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FIGURE 4. Representative recordings of developed force in isolated cat papillary muscles, 
contractile force, and coronary perfusion pressures in isolated constant-flow-perfused cat hearts 
on the addition of U-446619 (25 ng/ml) to the preparations. 

4. DISCUSSION 

Our results indicate that the peptide leukotrienes (i.e., LTC4 and LTD4) are 
potent coronary constricting agents that induce a marked concomitant reduction in 
contractile force in rat, cat, and guinea pig hearts. However, the reduction in cardiac 
contractile force is secondary to the coronary vasoconstriction, and these leuko
trienes do not have a direct negative inotropic effect at concentrations that are 
normally employed. These findings differ from those of Burke et al. (1982) using 
LTC4 and LTD4 and Michaelassi et al. (1983) using LTC4. These investigators 
suggested significant direct negative inotropic actions for the peptide leukotrienes 
in addition to their coronary vasoconstrictor effects and attempted to differentiate 
between distinct receptor populations mediating the two cardiac effects (Michaelassi 
et al., 1983; Burke et al., 1984). However, their conclusions are based on incon
clusive data. 

We have demonstrated that concentrations of LTC4 and LTD4 (50 ng/ml) that 
produce potent coronary constriction, both in isolated perfused coronary arteries 
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(Roth and Lefer, 1984) and in Langendorff perfused myocardial preparations, do 
not have significant direct negative inotropic effects. This lack of direct negative 
inotropicity on electrically paced papillary muscles was common to all three species 
studied (Table I). In the constant-flow-perfused heart preparations, a reduction in 
contractile force was observed only in conjunction with an increase in coronary 
perfusion pressure, and in the case of constant-pressure-perfused hearts, a decrease 
in contractile force occurred only with a decrease in coronary flow. Furthermore, 
the close relationship between coronary constriction and contractile force was main
tained at all concentrations tested. When the LTC4-induced coronary vasoconstric
tion is blocked by the leukotriene antagonist FPL-5712, the usual reduction in 
contractile force is abolished. The data on FPL-55712 antagonism in conjunction 
with the lack of direct negative inotropicity clearly indicate that the coronary con
strictor effects of the leukotrienes are responsible for their negative inotropic effects. 

In addition, other vasoconstrictor eicosanoid agents such as U-46619 produce 
cardiac effects very similar to those of L TC4 and L TD4 in the Langendorff perfused 
heart preparations. These results indicate that the relationship between direct cor
onary vasoconstriction and a secondary reduction in contractile force is not unique 
to the leukotrienes. 

When taken together, our findings show that LTC4 and LTD4 decrease cardiac 
contractile force secondary to their potent coronary vasoactivity rather than through 
a direct inotropic mechanism. Our findings support those of Letts and Piper (1982) 
using electrically driven guinea pig ventricular strips. 
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Arachidonic Acid Metabolism and 
Aggregation in Rat Platelets 

N. W. SCHOENE, V. C. MORRIS, and 
O. A. LEVANDER 

1. INTRODUCTION 

Evidence from investigations in the early 1970s indicated the possibility of an 
interaction between the metabolism of arachidonic acid and the activity of selenium 
(Se)-dependent glutathione peroxidase (GSHPx, E.C. 1.11.1. 9). Lands et al. (1971) 
reported that the addition of GSHPx to preparations of prostaglandin (PG) synthase 
and soybean lipoxygenase inhibited the activity of these two dioxygenases. These 
initial experiments were followed by a series of studies (see review, Warso and 
Lands, 1983) that demonstrated the peroxide requirement for activation and main
tenance of the catalytic activity of PG synthase in vitro. In 1973, it was discovered 
that GSHPx contained selenium as a necessary component for activity (Rotruck et 
al.. 1973). It is this requirement that has been exploited by investigators to study 
the relationship between GSHPx and arachidonic acid metabolism, since GSHPx 
activity can be manipulated by dietary selenium (see reviews, Sunde and Hoekstra, 
1980; Schoene, 1985). 

Recently, Bryant and co-workers (Bryant and Bailey, 1980; Bryant et al .• 
1983) used the Se-deficient rat model to demonstrate that a decrease in GSHPx 
activity in the platelet resulted in an alteration in the metabolism of arachidonic 
acid by 12-lipoxygenase. Exogenously added arachidonic acid was converted to 
isomeric trihydroxyeicosatrienoic acids (THETEs) in the Se-deficient platelets, whereas 
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only trace amounts of these fatty acids were found in control platelets (Bryant and 
Bailey, 1980). They also demonstrated an increase in the accumulation of 12-
hydroperoxy-5 ,8,11, 14-eicosatetraenoic acid (12-HPETE) in the platelets from Se
deficient rats compared to platelets from Se-supplemented rats (Bryant et al., 1983). 
These authors concluded that GSHPx plays a significant role in the reduction of 
12-HPETE to 12-hydroxy-5,8, ll, 14-eicosatetraenoic acid (l2-HETE) in platelets. 
When GSHPx activity is reduced, increased amounts of 12-HPETE can lead to the 
formation of THETEs, rearrangement products of the hydroperoxy fatty acid. 

The presence or absence of GSHPx activity can not only affect the type of 
arachidonic acid metabolite produced but may also affect lipoxygenase activity in 
the cell. A 12-lipoxygenase that produces the leukotrienes has been partially purified 
from rat lung and has been shown to be sensitive to GSHPx in a manner similar 
to that seen for PG synthase and soybean lipoxygenase (Yokoyama et al., 1983). 

The production of arachidonic acid metabolites by PG synthase in platelets 
may also be affected by GSHPx activity. Platelets from Se-deficient rats exhibited 
increased aggregation to ADP, collagen, and arachidonic acid compared to platelets 
from Se-supplemented rats (Masukawa et al., 1983). These workers also found that 
arachidonic-acid-induced respiratory distress in mice was enhanced in a selenium
deficient group compared to a control group. This type of respiratory distress is 
caused by platelet thrombi in the lung and is most likely caused by increased 
production of thromboxane A2 (TxA2)' As reported earlier in preliminary form 
(Schoene et al., 1984), we have investigated the production of TxB2 in platelets 
from Se-deficient and -supplemented rats. Aggregation studies were also performed 
with platelets from the two groups of animals in order to relate TxB2 production 
with platelet function. 

2. MATERIALS AND METHODS 

Weanling male Fischer 344 rats were obtained from Harlan/Sprague-Dawley, 
Indianapolis, IN, and were housed in pairs in stainless steel cages with free access 
to food and water. Diets were prepared as described previously (Levander et al., 
1983), with the Se-supplemented diet containing 0.5 ~g selenium as sodium selenite 
per gram of diet. This level represents a nutritionally generous but nontoxic amount 
of Se. The Se-deficient diet contained no additional selenium. 

After 12 weeks on diet, rats were anesthetized with diethyl ether, and blood 
was drawn by cardiac puncture into a plastic syringe containing 0.1 volume of 
3.8% trisodium citrate in saline. Platelet-rich plasma was prepared by centrifuging 
at 150 g for 10 min at 25°C. All subsequent procedures with platelets were conducted 
at either 25°C or 37°C in plastic or siliconized glassware. Platelets were filtered 
through a Sepharose 2B column equilibrated with a modified Tyrodes buffer adjusted 
to pH 7.1 and containing no calcium (Lages et al., 1975). Platelet aggregation 
studies were performed with a Chrono-Log aggregometer (Model 440, dual-channel 
unit, Havertown, PA). Sepharose 2B, ADP, TxB2' and collagen were obtained 
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from Sigma Chemical, St. Louis, MO. Hydroxy fatty acid standards were a generous 
gift of Dr. Robert Bryant. Separation and quantitation by high-performance liquid 
chromatography (HPLC) and radioimmunoassay (RIA), respectively, of arachidonic 
acid metabolites from platelet incubations required the use of pooled samples. 
Incubations were terminated after 3 min, the pH adjusted to 3.0 with formic acid, 
and arachidonic acid metabolites were extracted from the buffer using an octade
cylsilyl (ODS) column (Waters Associates, Milford, MA) according to the method 
described by Powell (1980). 

Arachidonic acid metabolites were then separated by our own modification of 
a previously reported technique (Van Rollins et at., 1980). A Hewlett-Packard 
1084B with variable wavelength detector was equipped with a Spherisorb-ODS 
column (4.6 mm x 15 cm, 5-fLm particle size, Robert E. Gourley, Laurel, MD). 
All solvents were HPLC grade. The TxB2 peak was collected and quantitated by 
RIA. The TxB2 antibody was purchased from Seragen, Boston, MA, and [3H]TxB 2 

from New England Nuclear, Boston, MA. The RIA was performed according to 
established procedures (Granstrom and Kindahl, 1976). Data were analyzed for 
significant differences with Student's t-test (two-tailed). 

3. RESULTS AND DISCUSSION 

After 12 weeks, specific activity of GSHPx in the livers of rats fed the Se
deficient diet was decreased to 17 ± 2 (mean ± S .E.M., mU/mg protein) com
pared to 893 ± 44 for the activity of the enzyme in livers from rats fed the Se
supplemented diet. Values for GSHPx activity in platelets for the two groups are 
not available since all platelet material was needed for aggregation and incubation 
experiments. From past studies with Se-deficient rats (Levander et al., 1983), it 
can reasonably be assumed that GSHPx in platelets was reduced by the Se-deficient 
diet to a value 10-15% of the activity in control platelets. 

Gel-filtered platelets were used to study the effects of selenium deficiency on 
platelet aggregation in order to obtain reproducible results in aggregation studies. 
Problems associated with citrate, extracellular calcium, and adjustment of platelet 
concentrations could be controlled with greater ease by removing plasma from the 
platelets by gel filtration. Platelets from rats are known to exhibit differences in 
responses to ADP and epinephrine (Dodds, 1978; Macmillan and Sim, 1970) when 
compared to platelets from humans and other laboratory animals. In vivo platelet 
function studies have revealed that rat platelets are quite sensitive to the concen
tration of extracellular calcium (Mallarkey and Smith, 1984). Also, rat platelets 
will not undergo secondary (irreversible) aggregation in response to ADP when 
extracellular calcium is low (Packham, 1983). For this reason, calcium was added 
to suspensions of gel-filtered platelets for all of our aggregation and incubation 
experiments. 

The results from aggregation studies are shown in Table I. Differences between 
the responses of platelets from Se-supplemented and Se-deficient rats could be seen 
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TABLE I. Effect of Selenium Deficiency on 
Aggregation of Gel-Filtered Rat Platelets Induced by 

Collagen and ADP 

Stimulant 

Collagen (20 lLl/m!)a 

ADP (0.5 ILM) 

+Se diet 

15.6 ± 1.7" 
18.2 ± 1.3 

a Collagen suspension, 2 mg protein/ml. 

- Se diet 

35.8 ± 2.4 
39.2 ± 2.6 

• Mean ± S.E.M. for four to five experiments with platelets from individual rats. 
Platelet counts were adjusted to 3 x lO'/ml and recalcified (3 mM) for all series 
of aggregations. Aggregation was measured as percentage change in transmit
tance to submaximal doses of stimulant. There was a significant difference 
between the two dietary groups (P < 0.001, two tailed I-test). 

when submaximal doses of collagen and ADP were used. Aggregation studies were 
performed with samples from individual rats. Our results obtained with gel-filtered 
platelets agree with those obtained by Masukawa et al. (1983) with platelet-rich 
plasma. However, we did not observe the difference in lag time reported by these 
workers in response to collagen. Platelets from the Se-deficient animals in their 
study exhibited a decrease in lag time compared to platelets from the control animals. 

The aggregatory response of platelets to submaximal doses of collagen is known 
to be dependent on the release and subsequent oxidation to TxB2 of arachidonic 
acid (Ali and McDonald, 1977). It has been demonstrated that the response of 
platelets in citrated plasma or in media that contain no calcium differs considerably 
from that when the media contain a physiological concentration of ionized calcium 
(Packham, 1983). The presence or absence of citrate could explain some of the 
differences in the results obtained in our laboratory compared to that of Masukawa 
et al. (1983). Both laboratories demonstrated a difference in the response of platelets 
to ADP between the two dietary groups. ADP can induce platelet aggregation 
independent of arachidonic acid metabolism (Packham et al., 1977). It is possible 
that alterations in membrane receptors and/or properties occur in Se-deficient plate
lets and could account for the increased responsiveness to ADP observed in these 
platelets compared to platelets from the Se-supplemented animals. 

Incubation studies were conducted with pooled samples of platelets from each 
of the two groups. This was necessary in order to have enough sample for analysis 
by HPLC of the arachidonic acid metabolites released during incubation of the 
platelets. With this methodology, we were able to separate TxB2 from the other 
oxygenated metabolites of arachidonic acid produced during platelet stimulation by 
collagen. These other products are 12-hydroxy-5,8,IO-heptadecatrienoic acid (HHT), 
12-HPETE/HETE, and possibly, from the Se-deficient platelets, THETEs. 

The TxB2 was collected from the HPLC effluent and quantitated by RIA. The 
values obtained are shown in Table II. Platelets from the Se-deficient rats produced 
significantly greater amounts of TxB2 than did the platelets from the Se-supple
mented rats. This increase in the production of TxB2 may be an indication of 
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TABLE II. Effect of Selenium 
Deficiency on Collagen-Induced 
Synthesis of TxB2 in Gel-Filtered 

Rat Platelets 

TxB2 produced (pmollml) 

+Se diet - Se diet 

19 ± 2a 50 ± 3 

"Mean:': S.E.M. for three experiments Gel-fil
tered platelets in 2 ml of Tyrodes (3 x 108/ml) 
were recalcified and incubated at 37" with 20 fl.1 
of collagen suspensIOn (2 mg protein/ml) for 3 
min and extracted as described, TxB, was deter
mined by RIA after punficatlOn by HPLC. There 
was a significant difference between the two groups 
(P < 0.01). 
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stimulation of PG synthase by the higher "peroxide tone" in the Se-deficient (GSHPx
poor) platelets, In contrast to the results reported by Bryant and Bailey (1980), we 
observed no detectable THETE peaks with HPLC in extracts from collagen-stim
ulated, Se-deficient platelets, However, our HPLC methodology may not be sen
sitive enough to detect the production of THETEs from endogenous substrate, 
Different experimental conditions can account for the disparity in results between 
our laboratory and that of Bryant and co-workers. We used collagen to stimulate 
release and oxidation of arachidonic acid in gel-filtered platelets. They used ex
ogenously added [1-14C]arachidonic acid to follow oxidation of this acid in platelets 
washed by centrifugation. Aside from the many technical problems associated with 
the study of arachidonic acid metabolites, however, experimental evidence obtained 
from the Se-deficient rodent indicates a relationship between arachidonic acid me
tabolism and GSHPx activity, 

4. SUMMARY 

Platelets from rats fed a Se-deficient diet aggregated to a significantly greater 
extent to both collagen and ADP stimulation than did platelets from rats fed a Se
supplemented diet. Thromboxane B2 formation was studied by incubating the gel
filtered platelets from the two dietary groups with collagen and calcium. Throm
boxane B2 was quantitated by RIA after extraction and purification by HPLC. 
Activity of the PG synthase was enhanced as indicated by the significant increase 
in the production of TxB2 in the platelets from Se-deficient rats compared to Se
supplemented rats. This increased activity of PG synthase is possibly caused by 
higher levels of lipid peroxides in the Se-deficient rat platelets. It can be concluded 
that selenium deficiency, by lowering GSHPx activity in the platelet, could con-
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tribute to altered production of arachidonic acid metabolites with pathophysiological 
consequences on platelet function. 
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Different Functions of 
Phosphoinositide Turnover and 
Arachidonate Metabolism for 
Platelet Activation 
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EDUARDO G. LAPETINA 

1. INTRODUCTION 

37 

In a wide variety of cells including platelets, the hormone-induced breakdown of 
phosphoinositides by phospholipase C is closely associated with the mobilization 
of Ca2+ from intracellular stores (Michell, 1975). Recent studies gave new insights 
into the possible link between phosphoinositide breakdown and intracellular Ca2 + 

mobilization: myoinositol-I,4,5-trisphosphate, the phosphodiesteratic cleavage product 
of phosphatidylinositol-4,5-biphosphate, mobilizes Ca2+ from the endoplasmatic 
reticulum in pancreatic acinar cells and hepatocytes (Streb et al., 1983; Joseph et 
al., 1984). Besides myoinositol-I ,4,5-trisphosphate, two other products of the phos
pholipase-C-induced degradation of the phosphoinositides have possible functions 
as intracellular activators: 1,2-diacylglycerol activates the Ca2+, phospholipid
dependent protein kinase C, and phosphatidic acid has been implicated in Ca2 + 

fluxes and membrane fusion processes (Nishizuka, 1983; Sundler and Papahadjo
poulos, 1981; Fig. 1). 

A different phospholipid response on cell stimulation is the release of arachi
donic acid from phosphatidylethanolamine, -choline, and -inositol. Arachidonic 
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FIGURE 1. Stimulus-induced degradation of cellular membrane phospholipids leading to the 
formation of active metabolites. 

acid is converted by cyclooxygenase to the biologically active prostaglandin en
doperoxides PGG2 and PGH2 and by thromboxane synthetase to thromboxane A2 . 

Those substances can be released to the outside to activate other platelets. Endo
peroxides and thromboxane A2 can induce the whole cascade of platelet responses, 
i.e., platelet shape change, release reaction, and aggregation, most probably through 
a receptor-mediated mechanism (Parise et at., 1984). Following specific binding 
of these agonists, an increase in Ca2 + in the platelet cytosol has been observed 
(Kawahara et at., 1983). We have recently shown that arachidonic acid and en
doperoxide analogues stimulate the formation of phospholipase-C-derived products 
in human platelets and that the degree of phospholipase C activation is closely 
related to protein kinase C activation and platelet functional changes (Siess et at., 
1983a,b; 1985). 

2. PLATELET SHAPE CHANGE: DISSOCIATION 
OF PHOSPHOLIPASE C ACTIVATION FROM 
ARACHIDONATE METABOLISM 

Platelet shape change is the first physiological platelet response, preceding 
other responses such as platelet aggregation and release reaction. Low concentrations 
of thrombin, platelet-activating factor, or endoperoxide analogues, which only in
duce platelet shape change, stimulate the rapid formation of 1 ,2-diacylglycerol and 
phosphatidic acid, indicating the activation of phospholipase C (Siess et at., 1984, 
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1985). Activation of phospholipase C is paralleled by activation of protein kinase 
C and myosin light chain kinase during platelet shape change (Lapetina and Siegel, 
1983; Siess et al., 1985). Release of arachidonic acid is inconstantly observed; 
metabolism by cyclooxygenase or lipoxygenase does, however, not occur (Siess et 
at., 1984, 1985). Inhibitors of the release of arachidonic acid (trifluoperazine) or 
platelet cyclooxygenase (aspirin, indomethacin) do not affect platelet shape change 
or phospholipase C activation induced by thrombin, platelet-activating factor, or 
endoperoxide analogues. Prostacyclin, however, prevents platelet shape change and 
phospholipase C activation induced by those agonists, probably by increasing cAMP 
levels in the platelet cytosol. Platelet shape change and phospholipase C activation 
are induced in the absence and independently of extracellular Caz + and Mg2 + . 

Epinephrine is a unique platelet stimulus, since it does not induce platelet shape 
change or phospholipase C activation (Siess et at., 1984). The results indicate that 
platelet shape change is closely related to phospholipase C activation but independent 
of arachidonate metabolism. 

The phospholipase-C-induced formation of intracellular activators such as 1,2-
diacylglycerol, phosphatidic acid, and myoinositol-l,4,5-trisphosphate might be 
related to activation of protein kinases and Caz+ mobilization occurring during 
platelet shape change (Fig. 2). 

FIGURE 2. Phosphoinositide degra
dation as a signal translation mechan
ism for activation of protein kinases. 
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3. PLATELET RELEASE REACTION AND AGGREGATION: 
STIMULATION OF ARACHIDONATE METABOLISM AND 
FURTHER ACTIVATION OF PHOSPHOLIPASE C 

With increased doses of an agonist such as thrombin, the platelet release 
reaction and aggregation occur subsequently to platelet shape change. Under con
ditions of a Ca2+ -free extracellular medium, platelet aggregation is coupled to the 
release reaction (Siess et al., 1983a,b). With low concentrations of thrombin, two 
steps of platelet activation can be dissociated, and the activation of phospholipase 
C shows a biphasic pattern. During platelet shape change, activation of phospho
lipase C and some release of arachidonic acid are observed. When platelet aggre
gation starts, there is formation of arachidonate metabolites and a second sharp 
increase of 1,2-diacylglycerol and phosphatidic acid. Inhibition of cyclooxygenase 
reduces this second increase of 1,2-diacylglycerol and phosphatidic acid and also 
platelet aggregation (Siess et al., 1984). Thus, cyclooxygenase products such as 
endoperoxides and thromboxane A2 may act as feedback promoters and induce 
further stimulation of phospholipase C, leading to acceleration and amplification 
of the platelet response. In comparison with thrombin, the action of collagen seems 
to be much more dependent on such a cyclooxygenase-mediated amplification mech
anism (Siess et al., 1983a,b; Lapetina and Siess, 1983). 

4. HOW MANY MECHANISMS FOR PLATELET ACTIVATION? 

Phospholipase-C-induced breakdown of phosphoinositides seems to be an im
portant mechanism for platelet activation. Phospholipase C activation is induced 
by a wide spectrum of platelet agonists and is closely related to each of the platelet 
responses: platelet shape change, release reaction, and aggregation. Degrees of 
phospholipase C activity, protein kinase C activity, and functional platelet changes 
correlate closely. Phospholipase C activation is independent of extracellular Ca2 + 
or Mg2+ (Fig. 3). It seems, then, that phosphoioositide degradation by phospho
lipase C may be an intrinsic mechanism for agonists to activate platelets indepen
dently of extracellular divalent cations. The degradation of phosphoinositides may 
be achieved mainly by exposure of the substrate to the cytosolic enzyme (Siess and 
Lapetina, 1983). 

Epinephrine is a unique platelet stimulus that reveals a second mechanism of 
platelet activation. Epinephrine requires extracellular divalent cations for platelet 
activation; it is known to bind to 0:2 receptors, to increase the Ca2+ uptake of 
human platelets, and to induce exposure of fibrinogen receptors to which fibrinogen 
binds in the presence of Ca2 + or Mg2+ leading to platelet aggregation. Epinephrine 
does not induce platelet shape change or phospholipase C activation (Siess et ai., 
1984). It seems, then, that the increase of Ca2+ uptake, which is also observed for 
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other platelet agonists, may be a second, separate mechanism of platelet activation 
that is specifically related to platelet aggregation. 

Besides those two "intrinsic" mechanisms of platelet activation, there exist 
three separate amplification mechanisms: the formation of cyclooxygenase products 
of arachidonic acid, the release of ADP, and the formation of platelet-activating 
factor. Those substances are released from stimulated platelets to the outside and 
activate, in tum, the "intrinsic" mechanisms, thereby leading to the whole cascade 
of platelet responses (Fig. 4). 

5. SUMMARY 

The molecular mechanism by which physiological agonists activate cells in
volves their binding to specific receptors followed by distinct changes in membrane 
phospholipids. In platelets, both the stimulation of the phosphoinositide breakdown 
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FIGURE 4. Possible mechanisms of platelet activation. 
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by phospholipase C and the release of arachidonic acid from phospholipids are 
observed following platelet stimulation with various agonists such as thrombin, 
collagen, ADP, platelet-activating factor, arachidonic acid, and endoperoxide an
alogues. The present chapter reviews studies from our laboratories concerning the 
respective roles of phosphoinositide breakdown and arachidonate metabolism for 
platelet activation. The results indicate that phosphoinositide breakdown induced 
by phospholipase C may serve as a signal-transducing mechanism for platelet ac
tivation, whereas arachidonate metabolites derived by cyclooxygenase may act as 
an amplification mechanism of platelet activation. 
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1. INTRODUCTION 

38 

There is a rapidly expanding literature on the dietary and metabolic effects of the 
w-3 class of fatty acids, which include, among others, linolenic, eicosapentaenoic, 
and docosahexaenoic acids (Goodnight et al., 1982; Holman, 1982; Willis, 1981). 
Interest in this area has been heightened by the finding that population groups 
consuming greater quantities of fish and other marine animals, which are richer in 
w-3 fatty acids, have a low incidence of ischemic heart disease. These include 
Greenland Eskimos (Bang and Dyerberg, 1980), coastal-dwelling Turks (Yotakis, 
1981), and Japanese residing in fishing villages (Hirai et al., 1980). In general, 
these populations have lower levels of fasting very-low-density and low-density 
lipoprotein cholesterol, increased levels of high-density lipoprotein cholesterol (Bang 
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and Dyerberg, 1972), and a prolonged bleeding time (Dyerberg and Bang, 1979; 
Goodnight et al., 1981). These effects are largely attributed to the intake of marine 
fats, which contain, in addition to "common" fatty acids, higher levels of w-3 fatty 
acids than are found in Western-type diets (Bang et al., 1976). 

The antithrombotic response to w-3 fatty acid intake appears to be related in 
part to the eicosapentaenoic acid (EPA) content of the diet. EPA can substitute for 
more typical fatty acids, such as arachidonate, in plasma membrane phospholipids, 
including those of the platelet membranes (Goodnight et al., 1981). This can modify 
platelet behavior (Jakobowski and Ardlie, 1980; Needleman and Sprecher, 1979; 
Needleman et al., 1979, 1980), increase platelet survival, and decrease platelet 
counts (Goodnight et al., 1981; Hay et al., 1982). Platelets enriched in EPA exhibit 
reduced thromboxane A2 (TxA2) production and platelet aggregation. This is pre
sumably because of decreased availability and conversion of arachidonate to TxA2 
(Culp et al., 1979; Witaker et al., 1979), and the possible conversion of EPA to 
an antiaggregatory product (Needleman and Sprecher, 1979; Witaker et al., 1979). 

The antithrombotic response may also be related to the presence of EPA in 
plasma membranes of vascular tissues. Some studies (Jakobowski and Ardlie, 1980) 
have suggested that release of EPA from membrane phospholipids of vascular tissues 
results in formation of PGI3 and may also reduce the conversion of arachidonate 
to the normal prostacyclin, PGI2 (Spector et al., 1983). There is, however, some 
uncertainty regarding the extent of PGh formation from EPA and the overall effect 
of EPA on PGI2 formation from arachidonate (e.g., Spector et al., 1983). 

The mechanism(s) underlying the hypolipidemic response to EPA-containing 
diets is not yet known (Goodnight et al., 1982). There is evidence that ingestion 
of fish oil does not result in typical fat tolerance curves in humans (Harris et al., 
1982). Furthermore, ingestion of marine fat does not result in rapid accumulation 
of w-3 fatty acids in tissue lipids (Garton et al., 1952; Goodnight et al., 1982). 
These data suggest that, among other potential metabolic effects of EPA (e.g., 
Goodnight et al., 1982), the bioavailability and absorption of marine oil fatty acids 
may be limited. Eicosapentaenoic acid is largely found in the 1 and 3 positions of 
the triglycerides of marine oils (Bottino et al., 1967; Brockerhoff et al., 1966). 
There is convincing evidence that the w-3 fatty acids, and particularly EPA, in 
marine glycerides are resistant to lipolysis by pancreatic lipase (Bottino et al., 1967; 
Brockerhoff, 1965) and to routine procedures of hydrolysis and derivatization during 
compositional analysis (Yurkowski and Brockerhoff, 1966). It has also been sug
gested that the absorbability and route of transport (e.g., lymphatic versus portal) 
may be unlike that of typical saturated and monounsaturated fatty acids (Goodnight 
et al., 1982). 

The inefficient digestion of EPA-containing glycerides or the limited absorb
ability of these polyunsaturated fatty acids should produce a persistent oil phase in 
the luminal contents of the intestine and modify the normal oil-micellar partitioning, 
which is required for efficient absorption of lipids, including cholesterol. This, in 
tum, could contribute to reduced absorption of lipids and to the overall hypolipi
demic responses attributed to the Eskimo-type diet. 
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There is a sparsity of information on the absorption and lipoprotein transport 
of polyunsaturated fatty acids in general and EPA in particular. The present chapter 
addresses this specific question. 

2. EXPERIMENTAL PROCEDURES 

Bovine serum albumin fraction V (fatty acid poor), sodium taurocholate, oleic 
acid, arachidonic acid, and eicosapentaenoic acid were obtained from Sigma Chem
ical, St. Louis, MO. Isotopic fatty acids labeled in the carboxyl position and [1,2-
3Hlcholesterol were obtained from New England Nuclear, Boston, MA. Other 
chemicals and solvents were of highest purity. 

The test emulsions used for intragastric administration were prepared as de
scribed earlier (Vahouny et al., 1980a) and included the following components per 
1.5 ml physiological saline: 25 mg bovine serum albumin; 86 mg sodium tauro
cholate; 0.3 mmol of either oleic, arachidonic, or eicosapentaenoic acid. In addition, 
each emulsion contained 1 f-lCi of the respective [1-14C]-labeled fatty acid and 20 
f-lCi of [1 ,2-3Hlcholesterol. The emulsions were prepared immediately before use 
and rehomogenized prior to each administration. 

Adult male albino rats of the Wi star strain (Charles River Laboratories) weigh
ing approximately 200 g were allowed food and water ad libitum prior to use. 
Under sodium pentabarbital anesthesia, animals were subjected to cannulation of 
the left thoracic lymphatic duct cephalad to the cysterna chyli as described earlier 
(Vahouny et al., 1980a). An indwelling catheter was placed in the pyloris of the 
stomach for continuous administration of saline-5% glucose and the test emulsions. 
After an overnight fast, the saline-glucose infusion (3 mllhr) was interrupted, 1.5 
ml of the appropriate test emulsion was infused via the stomach catheter, and the 
saline-glucose infusion was reestablished. 

Lymph was collected on ice at 2-hr intervals for the first 8 hr and as a single 
8 to 24-hr fraction. Aliquots (50-100 f-ll) were taken for direct liquid scintillation 
spectrometry, and the remainder was pooled as a single 24-hr sample. Approxi
mately 8 ml of each lymph sample was subjected to ultracentrifugal separation of 
major lymph lipoproteins as described previously (Havel et al., 1955). These in
cluded: chylomicrons (d < 1.006 g/ml; 3 x 106 g avg min); very-low-density 
lipoproteins (VLDL; d < 1.006 g/ml; 1 x 108 g avg min); low-density lipoproteins 
(LDL; 1.006 < d < 1.063 g/ml; 1.3 x 108 g avg min); and high-density lipo
proteins (HDL; 1.063 < d < 1.21 g/ml; 1.7 x 108 g avg min). 

Aliquots (50-100 f-ll) of each lipoprotein fraction were taken for liquid scin
tillation spectrometry, and additional samples (1 ml) were extracted in 20 volumes 
of chloroform-methanol (2 : 1 v/v) according to Fo1ch et al. (1957). The chloroform 
extracts were evaporated under nitrogen, lipids were solubilized in hexane, and 
these were separated into major lipid classes by thin-layer silicic acid chromatog
raphy using hexane: diethyl ether: acetic acid, 80 : 16 : 2 (Gartner and Vahouny, 
1972). Silicic acid areas corresponding to authentic phospholipid, mono- and di-
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glycerides, triglycerides, unesterified fatty acids, and esterified cholesterol were 
individually scraped into liquid scintillation vials for analysis of isotope distribution 
among lipoprotein lipid classes. 

Comparable extraction and lipid separation procedures were employed for 
analysis of lipid fatty acids of the test emulsions, lymph samples, and individual 
lipoproteins by gas-liquid chromatography of the derivatized fatty acids (Gartner 
and Vahouny, 1972). The appropriate separated or thin-layer fractions were trans
methylated using BFrmethanol, and the extracted fatty acid methylesters were 
subjected to gas-liquid chromatography as described earlier (Gartner and Vahouny, 
1972). 

3. RESULTS 

Animal weights at the time of surgery were identical for all experimental 
groups. The lymph volumes for the 24-hr collection period varied significantly 
between animals in the same group and among groups. Although animals admin
istered arachidonic acid had a significantly lower lymph output than did oleic acid 
fed rats, it has been previously demonstrated (Treadwell and Vahouny, 1968) that 
lymph flows exceeding 2 mllhr have little effect on overall lipid absorption. This 
is also obvious in the present studies when the overall absorption of arachidonate 
is compared to that of oleate, which is identical despite a twofold difference in 
lymph volumes. 

The net absorption of oleic acid over the 24-hr collection period and the 
absorption of tracer levels of cholesterol from an oleic acid-containing meal were 
comparable to the levels reported earlier using this approach (Vahouny et at., 1980b, 
1983). The absorption of either arachidonic acid or EPA was as efficient as that 
for oleate (Table I), and the absorption of endogenous cholesterol from either fatty 
acid medium was not significantly different (analysis of variance) from that with 
the oleate emulsion. 

TABLE I. Overall Lymphatic Absorption of Fatty Acids and Cholesterol 

Absorption (% of dose) 

Groupa Fatty acid Cholesterol 

Oleic acid 76.2 ± 1.7b 59.1 ± 3.2 
Arachidonic acid 81.6 ± 4.0 45.8 ± 3.8 
Eicosapentaenoic acid 85.6 ± 3.0 58.1 ± 5.9 

a Animals were surgically provided with a lymphatic drainage catheter in the left thoracic lymphatic channel and an 
infusion catheter in the stomach. These were restrained and fasted overnight while providing a continuous gastric 
infusion (3 mllhr) of 5% glucose in saline and the same fluids ad libitum. At 9:00 a.m., each animal received. via 
the infusion catheter, 1.5 ml of a lipid emulsion consisting of 86 mg sodium taurocholate, 25 mg albumin 20 fJ.Ci 
[I,2-3Hlcholesterol and 0.3 mmol (1 fJ.Ci) of the respective [1-14C]-labeled fatty acid. Lymph was collected and 
analyzed as described in Section 2. 

b Values represent means ± S.E.M. for four to five animals in each group. 
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A summary of fatty acid and cholesterol recoveries in lymph during the initial 
8 hr and final 16 hr of study is shown in Fig. I. With all three fatty acids, the 
majority of absorption occurred during the initial 8 hr after administration of the 
fatty acid. There were, however, significant differences between the polyunsatu
rates. The absorption of EPA was significantly greater than that of arachidonate 
during the initial collection period, and this was reversed during the final collection 
period. Despite this, the recoveries of administered cholesterol in the initial and 
final lymph collection periods were statistically similar for all three groups. 

The distribution of absorbed fatty acids among the major lipoprotein classes 
in lymph is summarized in Fig. 2. These were statistically comparable for all three 
fatty acids, with 93-95% of the absorbed acids associated with d < 1.006 g/ml 
lipoproteins (chylomicrons and very-low-density lipoproteins). Of this, 77-84% 
was in the chylomicron fraction, with a tendency for the greater values to be 
associated with the polyunsaturated acids. For these studies, the sums of recoveries 
of isotopic fatty acids among the individual lipoprotein fractions were statistically 
identical to the fatty acid recovery by analysis of whole lymph (difference for all 
groups 3.1 ± 1.3%). 

Analyses of the fatty acid distributions in the major lipid fractions of the two 
major transport particles, chylomicrons and very-low-density lipoproteins, are shown 
in Table II. These largely reflect the distributions in whole lymph, with the largest 
proportion (85-91 %) of the fatty acids associated with the lipoprotein triglycerides. 
Again, with both polyunsaturated acids, there was a greater recovery of fatty acid 
label in the partial glycerides and phospholipids than with oleate. Recovery of 

w 
(/) 
o 
a 

100 

IL 80 
o 
;11 

Z 
g 60 
D. 
II: 
o 
(/) 
CD 

~ 40 

~ 
>-
~ 
~ 20 

p<005 
r-----l 

0·8h 

p<0.05 
r----o 

w 
rn 
o 
a 

50 

~ 40-

z 

~ 30 m 
(J) 
CD 
< 
<3 20-
II: 
w 
f--
rn 
w 
...J o lO
X 
o 

o '----'-....I..-

0-8h 8-24h 

FIGURE 1. Recovery of administered oleic, arachidonic, and eicosapentaenoic acids (left panel) 
and of cholesterol in the presence of each fatty acid (right panel) during the initial 8 hr and final 
16 hr of lymph collection. 0 oleic acid; !:j arachidonic acid; - eicosapentaenoic acid. 
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FIGURE 2. Recovery of administered oleic, arachidonic, and eicosapentaenoic acids in major 
lymph lipoprotein fractions. Details of lymph collection, lipoprotein separation, and analyses are 
given in Section 2. Figures represent means ± S.E.M. for four to five animals per group. 0 oleic 
acid; L1 arachidonic acid; _ eicosapentaenoic acid. 

TABLE II. Distribution of Fatty Acids among Individual Lipid Classes of 
Chylomicrons and VLDL 

Measurement" 
Fatty acid administered 

(%) Oleic Arachidonic EPA 

Chylomicron distribution 
TG 90.5 ± l.l 88.9 ± 0.6 84.8 ± 1.1 b,e 
MG-DG 1.3 ± 0.1 3,3 ± 0,2b 5.0 ± 0,3b,e 
UFA 2,8 ± 0,2 3.3 ± 0.3 2.1 ± O.Y 
CE 3.4 ± 0,8 0.8 ± O,lb 4,2 ± O.4b 

PL 2,0 ± 0.2 3.6 ± O.sb 3,9 ± 0,2b 
VLDL distribution 

TG 89.2 ± 1.4 86,0 ± 0,9 88.0 ± 0,5 
MG-DG 1.4 ± 0,1 3.4 ± 0,2b 3.4 ± 0,3b 

UFA 1.6 ± 0,7 1.8 ± O.lb 1.4 ± O,lb 
CE 5.1 ± 1.2 1.7 ± O,lb 2,9 ± o.sb.e 
PL 2.6 ± 0.2 7,2 ± I.Qh 4,2 ± 0,2b.e 

a Treatment of animals and collection and separation of lymph lipoproteins and lipids are described in Section 2, Values 
are mean ± S.E,M, TG, triglycerides; MG-DG, partial glycerides; UFA, unesterified fatty acids; CE, cholesterol 
esters; PL, phospholipids, 

b p < 0.05 compared to oleic acid, 
, P < 0.05 compared to arachidonic acid. 
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arachidonate as cholesterol esters was less than for the other fatty acids in both 
lipoprotein fractions, and this was reflected in analysis of whole lymph distribution. 
The recovery of EPA in cholesterol esters, in contrast, was lower only in the VLDL 
fraction of lymph and was not reflected in whole lymph distributions. 

Distributions of absorbed cholesterol among the major lipoproteins of lymph 
are summarized in Fig. 3. As has been reported earlier with cholesterol and oleic 
acid administration (Vahouny et al., 1980a), there is a smaller percentage of ab
sorbed cholesterol associated with lymph chylomicrons in the rat and a greater 
recovery in the d > 1.006 glml lipoproteins. Similar results were obtained for 
cholesterol distributions when the infusion contained arachidonic acid but were not 
as pronounced with animals given EPA. The difference in the lipoprotein distri
butions of absorbed fatty acid and cholesterol is best reflected as the ratios of 
absorbed fatty acid and cholesterol. For the d < 1.006 glml lipoproteins, the ratio 
of fatty acid to cholesterol was 0.91 ± 0.03. For chylomicrons, this ratio was 
1.20 ± 0.03, suggesting a greater incorporation of fatty acids, and for VLDL, the 
ratio was 0.78 ± 0.06, suggesting a relatively greater proportion of cholesterol. 
For the d > 1.006 glml lipoproteins, this ratio was 0.46 ± 0.09, demonstrating 
the predominance of absorbed cholesterol in these lipoproteins (LDL plus HDL). 
Again, the differences in cholesterol distribution among the lipoproteins for the 
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FIGURE 3. Recovery of administered cholesterol in major lymph lipoproteins. Details are given 
in Fig. 2 and the text. Cholesterol administered with 0 oleic acid, ~ arachidonic acid, - eico
sapentaenoic acid. 
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TABLE III. Lymphatic Recovery of Absorbed Fatty Acid 

Measurement 
Fatty acid administered 

(f..Lmol) Oleic Arachidonic EPA 

Fatty acid fed" 275.4 231.2 135.0 
Fatty acid absorbed 209.0 ± 4.6 188.6 ± 9.2 115.6 ± 4.1 
Lymph fatty acid 268.8 ± 11.7 254.4 ± 5.9 120.6 ± 4.9 
Endogenous fatty acid 58.9 ± 14.2 56.8 ± 7.9 5.0 ± 2.0 

" Derivatization of oleic acid wa' 100%. and purity by gas-liquid chromatography was 91.8%. For arachidonate. these 
values were 93.3% and 82.6%. respectively. For EPA. the values were 50% and 90%. respectively. 

three fatty acid groups were not of sufficient magnitude to suggest major differences 
in absorption and transport characteristics for cholesterol. 

Mass analyses of the administered fatty acids and of the fatty acids in lymph 
lipids are summarized in Table IlL These studies were conducted by analyses of 
extent of derivatization of each fatty-acid-containing test emulsion (by isotope 
recoveries) and quantitative analysis of mass and purity by gas-liquid chromatog
raphy. As shown in Table III, 275.4 /-Lmol of the weighed oleic acid (300 /-Lmol) 
in the test emulsion was recovered as authentic oleic acid following derivatization 
and chromatography. Based on lymph isotope recoveries, 209.0 /-Lmol of oleic acid 
was absorbed into lymph. Actual analysis demonstrated 268.8 /-Lmol of oleic acid, 
indicating the presence of 58.9 /-Lmol oleic acid from endogenous sources (e.g., 
intestinal secretion and filtered plasma lipoproteins). Similar calculations with ar
achidonic acid also suggested the presence of significant levels of endogenous fatty 
acid derived from sources other than the fatty acid administered. 

With eicosapentaenoic acid, however, only half of the added level was re
covered by derivatization, and of the mass derivatized, 90% was authentic EPA. 
Assuming equivalent properties of isotope and mass, it was calculated that 115.6 
/-Lmol of the absorbed EPA could be analyzed by the derivatization and chromato
graphic analysis. The actual recovery was 120.6 /-Lmol, which was statistically the 
same as that calculated and demonstrated the absence of endogenous EPA in rat 
thoracic duct lymph. 

4. DISCUSSION 

There is a sparsity of information on the intestinal absorption and lymphatic 
transport of polyunsaturated fatty acids in general and of the w-3 fatty acids in 
particular. In certain marine oils, the polyunsaturated fatty acids of the w-3 class, 
such as eicosapentaenoic acid and docosahexaenoic acid, are largely found in the 
triglycerides. There is substantial evidence that ingestion of these oils does not 
result in typical fat tolerance curves in humans (Harris et al., 1982), nor do the w-
3 fatty acids accumulate rapidly in tissue lipids (e.g., Garton et al., 1952; Goodnight 
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et al., 1982). Data from in vitro studies demonstrated the inefficient lipolysis of 
these oils (Bottino et al., 1967; Brockerhoff et al., 1966) and the resistance to 
chemical hydrolysis and derivatization of the w-3 acids (Bottino et al., 1967; 
Yurkowski and Brockerhoff, 1966). It has also been suggested that the absorbability 
and route of transport (e.g., lymphatic or portal transport) of polyunsaturated acids 
may be dissimilar to that of typical fatty acids such as the long-chain saturated and 
monounsaturated acids (Goodnight et al., 1982; Willis, 1981). 

The current research has addressed the question of the efficiency of intestinal 
absorption of w-3 fatty acids and the lipoprotein and lipid distributions of the 
absorbed fatty acids. These data on .15.8.1 1. 14. 17-eicosapentaenoic acid are compared 
to those of the common w-9 octadecaenoic acid (oleic) and the w-6 eicosatetraenoic 
acid (.l5.8.11.14-arachidonic). Despite differences in the rates of appearance in lymph, 
it is apparent that both arachidonic and eicosapentaenoic acids are absorbed with 
equal efficiency, as is oleic acid. Furthermore, like oleic acid, these polyunsaturates 
are transported largely in the chylomicron fraction of lymph and primarily as the 
triglyceride component of this lipoprotein. Although there is evidence for a some
what greater incorporation of the polyunsaturated acids into phospholipids and 
phospholipid precursors (mono- and diglycerides) in both chylomicron and VLDL 
fractions, these levels do not reflect the ultimate tissue lipid distributions of either 
arachidonic or eicosapentaenoic acids. 

Additional evidence for comparability in the mechanisms of intestinal oil-water 
phase characteristics and micellar capacities between these acids is reflected in the 
effects of the individual fatty acids on the absorption and lymphatic transport of 
the tracer cholesterol. The efficiency of cholesterol absorption in this experimental 
model is dependent on micellar solubilization and on the presence of unesterified 
fatty acids (Treadwell and Vahouny, 1968). In general, the efficiency of cholesterol 
absorption is improved in the presence of mono- and diunsaturated acids compared 
to the saturated analogues (Treadwell and Vahouny, 1968), and the present study 
also suggests that cholesterol absorption is equally efficient from emulsions con
taining any of the polyunsaturated fatty acids studied. 

An important aspect of the present study, and one that requires additional 
attention, was the quantitative analysis of the administered fatty acids and the fatty 
acids of lymph lipids. These analyses allowed for corrections of data for the re
coveries by derivatization and the purities of the administered fatty acids. With 
oleic and arachidonic acids, 92% and 77%, respectively, of the purchased materials 
(reported as 99% purity) were recovered as the authentic acids in the administered 
emulsions. Analysis of lymph content of these acids in the respective groups allowed 
for calculations of the contributions of the absorbed and endogenous sources of 
each acid in thoracic duct lymph. Thus, approximately 22% of the lymph oleic 
acid and 23% of the lymph arachidonic acids during the 24-hr collection period 
following acute administration of these acids were derived from endogenous sources. 

The boron trifluoride-methanol derivatization procedure, however, resulted in 
methylation of only half of the weighed quantity of EPA (reported as 90% purity). 
These studies provide no indication of the actual content of EPA in the weighed 
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preparations. However, similar difficulties in deacylation and derivatization of es
terified EPA have been alluded to in the extensive and carefully controlled studies 
of Brockerhoff and co-workers (Brockerhoff, 1965; Brockerhoff et al., 1966; 
Yurkowski and Brockerhoff, 1966). Despite this, based on the actual analysis of 
the administered EPA and the EPA content of total lymph lipids, it was apparent 
that all of the lymph EPA was accounted for by absorption of the administered 
acid. 

These studies have largely described the efficiency and route of absorption of 
eicosapentaenoic acid and the lipoprotein and lipoprotein lipid distributions of this 
polyunsaturated fatty acid. Questions regarding the digestibility and absorption of 
EPA-rich glycerides of marine oils and the metabolic disposition of EPA-rich chy
lomicrons have yet to be addressed. Based on previous reports (Yurkowski and 
Brockerhoff, 1966) and on studies currently under way, routine analytical proce
dures for fatty acids may not be appropriate for quantitative analysis of EPA, and 
this issue may preclude definitive studies on further metabolism of EPA. 
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Status of Clinical Trials 
Evaluating Eicosanoids in 
Atherosclerotic Vascular Disease 
and Thrombosis 

LAURENCE A. HARKER 

1. INTRODUCTION 

The indications for the use of agents that modify eicosanoid metabolism in the 
management of patients with arterial vascular disease are limited despite extensive 
basic, experimental animal and clinical studies. Aspirin is clearly beneficial in men 
with transient ischemic attacks and patients with unstable angina. It is also anti
thrombotic when used in combination with oral anticoagulants in patients with 
artificial heart valves and in patients with arteriovenous cannulas undergoing he
modialysis (and manifest associated underlying platelet dysfunction). In general, 
the negative clinical trials have been uninformative because of uncertainty with 
respect to the role of eicosanoids in the pathogenesis of the outcome events, in
adequately defined mechanisms of drug actions, and uncertainty regarding the ef
fective doses for the drugs in the trials. In the absence of established mechanisms 
of drug action, dose regimens appear to require objective assays with thrombotic 
endpoints rather than the use of in vitro biochemical measurements of less certain 
interpretation. 
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2. PATHOPHYSIOLOGY OF ARTERIAL INSUFFICIENCY 
SYNDROMES 

2.1. Transient Ischemic Attacks 

Evidence from clinical and pathological studies suggests that platelets may be 
involved in the pathogenesis of ischemic syndromes involving the cerebral circu
lation. For example, patients with transient ischemic attacks frequently have ul
cerated atherosclerotic lesions in the extracranial portion of the basilar or internal 
carotid arteries, and these attacks may be the result of microembolization from 
thrombi forming on such lesions. More direct evidence is derived from observations 
of the passage of microemboli through the retinal arterioles during attacks of amau
rosis fugax and the histological demonstration that some of these microemboli are 
platelet aggregates. Alternatively, vasoconstriction at stenotic sites of diseased ves
sels may also be responsible for transient ischemia. Indeed, it should be noted that 
these transient symptoms may arise from a variety of other causes, including hemo
dynamic changes, cardiac arrhythmias, prolapse of the mitral valve, atrial myxomas, 
nonarteriosclerotic vasculopathies, embolism of atheroma, and cervical spondylosis. 
Hence, any large clinical series may contain patients with cerebral ischemia of 
varying etiology. The relative frequencies of these different causes are unknown. 

2.2. Acute Myocardial Infarction 

Recent angiographic studies confirm that acute transmural myocardial infarc
tion is generally associated with thrombotic occlusion of the subtending diseased 
coronary artery (De Wood et ai., 1980; Rentrop et ai., 1981). An occlusive thrombus 
can be demonstrated by coronary arteriography in 90% of patients with transmural 
infarction if the angiography is performed within the first 4 hr following onset of 
symptoms. Although occlusion of a stenotic coronary artery may theoretically occur 
in several ways, the frequency of reperfusion achieved by fibrinolytic therapy 
suggests that denudation of an atherosclerotic plaque with secondary thrombosis is 
the typical course. Occlusion by intimal hemorrhage or thrombosis induced by 
discharge of the contents of the plaque is probably rare. 

Coronary artery spasm may be important in some forms of myocardial is
chemia. In that respect, Maseri and co-workers showed that spontaneous coronary 
artery spasm precipitated angina and that repeated episodes could lead to myocardial 
infarction in some patients (Maseri et ai., 1978). 

The interaction of circulating blood elements and some of their secreted prod
ucts with vascular components may be important in the development of coronary 
vascular spasm (Del Zoppo and Harker, 1984). Thromboxane Az is a potent labile 
vasoconstrictor released during the activation of platelets, leukocytes, and athero
sclerotic arteries. Serotonin increases coronary vascular tone, whereas locally 
released adenosine and adenosine nucleotides induce vasodilatation. ADP- and 
A TP-mediated smooth muscle relaxation are dependent on an intact and functional 
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endothelium, whereas adenosine and AMP produce a direct effect on smooth muscle 
cells. Adenosine also effects relaxation of the vascular smooth muscle by inhibiting 
the release of norepinephrine from sympathetic nerve terminals. Of those substances, 
thromboxane Arinduced vasoconstriction probably predominates during platelet 
deposition. 

Also, leukocytes and a diseased vascular wall may directly or indirectly mod
ulate coronary artery tone in association with myocardial ischemia, either alone or 
in concert with thrombus formation. Leukotrienes cause potent dose-dependent 
coronary artery vasoconstriction and decreased myocardial contractility in isolated 
animal preparations. Although their role in coronary artery spasm has not been 
defined in vivo, it is possible that they may contribute to sustained arterial spasm. 
Thus, vascular spasm may precede or follow acute thrombosis of atherosclerotic 
coronary arteries and thereby contribute to the extent of infarction. 

2.3. Sudden Death 

The immediate factor or factors that precipitate dysrhythmias in victims of 
out-of-hospital ventricular fibrillation remain largely undefined (Harlan and Harker, 
1983). Traditional risk factors associated with coronary atherosclerosis (smoking, 
hypertension, and hyperlipidemia) also are associated with sudden death. Post
mortem studies of people who died suddenly of cardiac causes do not show throm
bosis of coronary arteries. Such patients do have advanced disease with significant 
stenoses in several vessels, however, and the presence of platelet aggregates has 
been documented after death. 

Experimental studies indicate that activated platelets may provoke terminal 
dysrhythmias, probably by producing myocardial ischemia through thromboxane 
Az-induced coronary artery spasm or occlusion of myocardial microcirculation by 
microemboli. In that context, inhibition of thromboxane A2 synthesis reduces the 
frequency of arrhythmias or ventricular fibrillation in several animal models. In 
other experimental studies, platelet emboli in the microcirculation cause ventricular 
fibrillation and sudden death. Those results suggest that platelet microemboli from 
coronary mural thrombi may obstruct the coronary microcirculation and precipitate 
arrhythmias. The relative importance for a role of platelets versus vasospasm in 
sudden cardiac death is unclear. 

2.4. Angina Pectoris 

Evidence in favor of a role for thrombosis in angina pectoris is not convincing 
(Harlan and Harker, 1983). However, recent in vivo studies measuring platelet 
function during exercise or cardiac pacing show changes in coronary sinus levels 
of thromboxane B2, the stable metabolite of thromboxane A2, following pacing
induced ischemia. Elevations of thromboxane B2 in the coronary sinus correlated 
with the time course of increased lactate production, which suggests a relationship 
of thromboxane A2 to myocardial ischemia. 
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Patients with unstable angina and recent chest pain also have higher throm
boxane B2 levels in the coronary sinus than in the ascending aorta, which suggests 
that recent episodes of angina in such patients are associated with local release of 
thromboxane A2. The capacity of aspirin to reduce the frequency of myocardial 
infarction in patients with unstable angina (Lewis et ai., 1983) may be related to 
its blockade of platelet thromboxane A2 production and provides additional support 
for that concept. This same rationale may underlie the benefit of aspirin in transient 
ischemic attacks (Fields, 1977; Canadian Cooperative Study Group, 1978). 

A role for platelets in variant angina (characterized by rest pain, ST-segment 
elevation, and angiographic evidence of coronary artery spasm) is of great interest. 
It has been suggested that platelet activation, aggregation, and release of throm
boxane A2 might trigger episodes of spasm. Elevations in thromboxane B2 and 
increased levels of circulating platelet aggregates have been described during epi
sodes of rest pain and ST-segment elevation in patients with variant angina. How
ever, double-blind crossover studies using inhibitors of platelet thromboxane syn
thesis in those patients show no reduction in angina or electrocardiographic changes 
despite the blockade of thromboxane A2 release from platelets (Robertson et ai., 
1981). 

3. CLINICAL TRIALS USING EICOSANOIDS 

Aspirin has been shown in well-designed clinical trials to be beneficial in four 
clinical settings (Table I): (1) reduction of thromboembolic complications associated 
with artificial heart valves (Dale, 1976); (2) prevention of stroke and death in men 
with transient ischemic attacks (Fields, 1977; Canadian Cooperative Study Group, 
1978); (3) decrease in thrombotic occlusion of arteriovenous silastic cannula in 
uremic patients receiving hemodialysis (Harter et ai., 1979); and (4) reduction in 
myocardial infarction in patients with unstable angina (Lewis et ai., 1983). The 
antithrombotic effects of aspirin in patients with old-style Starr-Edwards mitral 
valves (Dale, 1976) was evident in association with oral anticoagulant therapy. 
However, this combination is associated with an unacceptably high frequency of 

TABLE I. Positive Aspirin Clinical Trials 

Prosthetic heart valves (with anticoagulants) 
Dale (1976) 

Transient ischemic attacks 
Aspirin in Transient Ischemic Attacks (1977) 
Canadian Cooperative Study Group (1978) 

A-V cannula (with platelet dysfunction) 
Harter et al. (1979) 

Unstable angina 
Lewis et al. (1983) 
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gastrointestinal bleeding. The capacity of aspirin in low doses to reduce the throm
botic complications of an arteriovenous cannula (Harter et aZ., 1979) was shown 
in patients undergoing chronic hemodialysis, and thus associated with significant 
platelet dysfunction. It cannot be assumed that a similar dose would be antithrom
botic in the absence of underlying platelet dysfunction. 

3.1. Transient Ischemic Attacks 

The Aspirin in Transient Ischemic Attacks (AITIA) Study (Fields, 1977) was 
designed to test, in a double-blind manner, the effectiveness of aspirin in the 
prophylaxis of cerebrovascular ischemic events. Only patients with carotid system 
transient ischemic attacks were admitted to the study. Subjects received either 650 
mg aspirin twice a day or appropriate placebos. 

Analysis of the first 6 months of follow-up showed a statistically significant 
difference in favor of aspirin when death, cerebral or retinal infarction, and the 
occurrence of transient ischemic attacks were grouped together as endpoints. When 
stroke or death was considered as an endpoint, the beneficial effects of aspirin were 
confined to men (47% versus 0% reduction). When the occurrence of transient 
ischemic attacks was included as an endpoint and results were classified as favorable 
or unfavorable (death, nonfatal cerebral or retinal infarction, or continued transient 
ischemic attacks), there was no sex difference in the response to aspirin. 

The Canadian Cooperative Study Group (CCSG) was a double-blind, random
ized, multicenter trial to assess the relative efficiency of aspirin and sulfinpyrazone, 
singly and in combination, in the reduction of continuing transient ischemic attacks, 
stroke, and death (Canadian Cooperative Study Group, 1978). Five hundred eighty
five patients (after 64 exclusions) with one or more cerebral or retinal ischemic 
attacks within 3 months before entry were followed in a randomized clinical trial 
for an average of 26 months. About 30 of the patients were women. The four 
treatment regimens were placebo, aspirin (325 mg four times daily), sulfinpyrazone 
(200 mg four times daily), and aspirin plus sulfinpyrazone at the same dosage. For 
the entire group, aspirin reduced the risk of continued transient ischemic attack, 
stroke, or death by 19%. If only stroke or death were considered, aspirin reduced 
the risk by 31 %. There was no statistically significant reduction in these events 
attributable to sulfinpyrazone. A striking difference was found between male and 
female patients in the therapeutic response to aspirin in that there was no observed 
benefit among women in terms of stroke or death, but there was a risk reduction 
of 48% among men. 

3.2. Secondary Prevention of Myocardial Infarction 

The use of eicosanoids in the prevention of myocardial infarction is based on 
the premise that platelet mechanisms are important in acute coronary artery throm
bosis. Three platelet-inhibiting agents have been evaluated in various prospective 
randomized double-blind clinical trials: aspirin, sulfinpyrazone, and dipyridamole. 
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Clinical trials designed to assess the effects of those agents on secondary prevention 
of myocardial infarction have used mortality, nonfatal recurrent myocardial infarc
tion, and coronary incidence (coronary mortality plus nonfatal myocardial infarc
tion) as outcome events. 

Five studies have addressed the efficacy of aspirin alone in the treatment of 
patients following acute myocardial infarction (Elwood et al., 1974; Coronary Drug 
Project Research Group, 1976; Breddin et al., 1979; Elwood and Sweetnam, 1979; 
Aspirin Myocardial Infarction Study Research Group, 1980). Four studies reported 
between 1974 and 1979 compared several dose regimens of aspirin versus placebo, 
and all reported a trend in favor of aspirin therapy with respect to all endpoints. In 
contrast, the Aspirin Myocardial Study (AMIS), the largest and only definitive trial, 
demonstrated no effect of aspirin on any outcome events including total coronary 
incidence in 2267 patients. The study may have been compromised by late patient 
entry after infarction. Subsequent analysis of the combined results of all the aspirin 
trials has suggested that there may be a 10% reduction in coronary mortality in 
post-myocardial infarction patients receiving aspirin. However, that analysis is 
flawed by the dissimilarities in the studies, including the variable entry time (mean, 
7 days to 7 years) and dose regimen (300 to 1500 mg aspirin per day). Thus, a 
benefit of aspirin therapy is not established. 

There are several possible explanations for the lack of benefit observed with 
aspirin. Aspirin inhibits platelet aggregation in vitro and in vivo by selective irre
versible acetylation of platelet cyclooxygenase, thereby blocking the synthesis of 
the proaggregatory substance thromboxane A2. A similar action on vessel wall 
cyclooxygenase results in concurrently decreased production of prostacyclin, a 
potent vasodilator and inhibitor of platelet aggregation. Since cyclooxygenase is 
renewable in vascular tissues but not in platelets, low and infrequent doses of aspirin 
(1-2 mg/kg per day) should, in theory, inhibit platelet aggregation without sub
stantially affecting the production of prostacyclin. 

Although the clinical trials assessing aspirin in acute myocardial infarction 
employed comparatively large doses (300 mg to 1.5 g per day), which affect both 
platelet and endothelial systems, no dose-response effects were noted in the outcome 
events. In this regard, however, recent studies involving drugs that produce selective 
blockade of thromboxane synthetase are of interest. These drugs prevent throm
boxane A2 formation without impairing prostacyclin generation. Despite this the
oretically attractive mechanism of action, such drugs fail to show antithrombotic 
effects in experimental models (Lewis and Taylor, 1983). The lack of antithrombotic 
efficacy has been attributed to the persistent production of the proaggregatory en
doperoxides PGG2 and PGHz in the absence of thromboxane A2, but that interpre
tation has not been established. Moreover, aspirin has been shown to have anti
thrombotic effects independent of its inhibition of platelet cyclooxygenase, particularly 
when used in combination with dipyridamole or sulfinpyrazone. Thus, measure
ments of aspirin's effects on thromboxane A2 production do not appear to be 
predictive of antithrombotic efficacy in vivo. 

Two clinical trials testing sulfinpyrazone have been reported: the Anturane 
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Reinfarction Trial (Anturane Reinfarction Trial Research Group, 1980; ART) and 
the Anturane Reinfarction Italian Study (Anturane Reinfarction Italian Study, 1982; 
ARIS). The ART investigators reported a significant reduction in sudden death in 
the first 6 months of follow-up with no additional benefit thereafter. Patients were 
enrolled 25 to 35 days after the primary cardiac event. No effect on other measured 
endpoints was detected in that study. In a review of ART, the Food and Drug 
Administration noted that the exclusion of patients from statistical analysis and 
irregularities in assignment of the cause of death in some cases represented major 
sources of potential bias (Temple and Pledger, 1980). Consequently, sulfinpyrazone 
was not approved for the prevention of reinfarction. A separate analysis of the 
original ART data, however, supported the original report with regard to a decreased 
incidence of sudden death and cardiac mortality in the first 6 months following 
myocardial infarction (Anturane Reinfarction Trial Policy Committee, 1982). Enig
matically, the Italian study in 1982 (Anturane Reinfarction Italian Study, 1982) 
demonstrated no effect on sudden death, although a significant reduction in the 
occurrence of fatal recurrent myocardial infarction was reported. The second study 
followed fewer patients than the first (727 versus 1558), but the general study design 
was similar. The conflicting results leave many issues unresolved. 

The combination of aspirin and dipyridamole was employed in the Persan
tine-Aspirin Reinfarction Study (PARIS). In that study (Persantine-Aspirin Rein
farction Study Research Group, 1980), the combination was more effective than 
aspirin alone in the reduction of coronary incidence during the first 2 years of 
therapy. A trend in favor of either aspirin or the combination for the reduction of 
overall total and coronary artery-related mortality was also reported. The late entry 
of patients following myocardial infarction may have compromised the study. In
deed, subsequent analysis indicated that a subgroup of patients who were entered 
less than 6 months following myocardial infarction had a significant reduction in 
3-year coronary mortality. Because the effects of overall final mortality were not 
conclusive, a new prospective study enrolling patients between 3 weeks and 6 
months following myocardial infarction is in progress. At this time, there is sufficient 
evidence for a general recommendation that dipyridamole and aspirin alone or in 
combination should be used for secondary prevention of myocardial infarction. 

3.3. Saphenous Vein Bypass Grafts 

The combination of aspirin and dipyridamole has recently been shown by 
Chesebro and co-workers to prevent both early and late postoperative occlusion of 
aortocoronary-artery bypass grafts (Chesebro et al., 1982, 1984). The rate of post
operative aortocoronary saphenous vein bypass graft occlusion varies from 8% to 
18% at 1 month to 16% to 23% at 2 to 6 months. Early graft occlusion generally 
results from acute thrombosis, whereas late graft occlusion is probably consequent 
to platelet-mediated intimal lesion formation. The aspirin and dipyridamole com
bination has been shown to synergistically normalize platelet survival in patients 
with coronary atherosclerosis and in animal models of arterial thrombosis (Harlan 
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and Harker, 1983). The prospective randomized double-blind trial compared placebo 
with dipyridamole administered 2 days before operation plus aspirin (325 mg) begun 
7 hr after operation and continued with dipyridamole at a lower dose three times 
daily thereafter. Graft occlusion rate in the first month (Chesebro et al., 1982) was 
reduced from the typical 10% to 3% without an attendant increase in postoperative 
hemorrhage. Although previous investigators reported less or no benefit, none had 
initiated antiplatelet therapy before bypass graft surgery. In the follow-up study 
(Chesebro et al., 1984), the combination also reduced graft occlusion during the 
subsequent year. Thus, the combined regimen of aspirin (325 mg) and dipyridamole 
(75 mg) three times daily appears to be effective in bypass graft surgery to prevent 
both early and late graft occlusion. 

3.4. Progression of Atherosclerosis 

Strategies designed to modify symptomatic stenotic coronary atherosclerotic 
lesions include saphenous vein bypass, percutaneous transluminal coronary angio
plasty (PTCA), and the use of drugs. Aortocoronary saphenous vein bypass grafting 
is firmly established in the management of patients with angina pectoris. In that 
context, the recently reported randomized Controlled Artery Surgery Study (CASS) 
has demonstrated that there is no significant difference in annual mortality between 
subgroups of patients receiving saphenous vein bypass or medical management 
alone for class I or II angina (Canadian Cardiovascular Society). 

Percutaneous transluminal coronary angioplasty mechanically disrupts athero
sclerotic coronary stenosis, thereby reestablishing luminal diameter and coronary 
flow. The procedure is not without risk. Since PTCA produces endothelial denu
dation and disruption of the atheromatous plaque, subendothelial connective tissue 
is exposed to blood elements, with resultant thrombus formation. Anecdotal reports 
suggest that combined eicosanoid anticoagulant prophylaxis may not prevent post
PTCA occlusion. Rethrombosis may require emergency coronary artery bypass 
grafting. Unfortunately, PTCA does not modify the established atherosclerotic dis
ease process in native coronary vessels and is feasible for selected lesions. 

Restenosis following PTCA may be a platelet-dependent process. Pathological 
evidence suggests that early restenosis may result from endothelial denudation with 
intraluminal thrombosis, and late restenosis may involve a platelet-dependent pro
liferative response of smooth muscle cells. Several groups have proposed the use 
of eicosanoids in reducing post-PTCA restenosis; however, the results of controlled 
clinical trials have not been reported to date. 

No controlled clinical trials have been carried out to assess whether eicosanoids 
are effective in reducing the process of coronary artery atherosclerosis. The negative 
results in the AMIS, ART, and PARIS trials suggest that the native disease processes 
are not altered by those drug regimens. However, the demonstrated effect of an
tiplatelet agents on late lesion formation in vein grafts may be relevant. 

Thus, considerable experimental evidence suggests that the interaction of plate
lets and endothelium is important in the pathogenesis of coronary atherosclerosis 
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and in acute myocardial infarction. Although some studies suggest that platelets 
are involved in sudden cardiac death and coronary artery spasm, none of the studies 
demonstrates conclusively that platelet involvement is causal rather than secondary. 

A number of trials have been conducted to determine the efficacy of eicosanoids 
in patients with acute myocardial infarction. The results are not sufficiently con
clusive to justify recommendations for therapy in primary or secondary prevention. 
Aspirin/dipyridamole therapy initiated before and continued after coronary artery 
bypass surgery appears to significantly reduce graft occlusion. 
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1. INTRODUCTION 

40 

The relationship of fatty acids to immunity is of considerable interest (Meade 
and Mertin, 1978). Their role is now believed to be mediated by their oxidation 
products, specifically, the eicosanoids. The metabolites of arachidonic acid and 
drugs that affect their metabolism have far-reaching implications in organ trans
plantation. One of the major problems in evaluating the role of these eicosanoids 
is their remarkably diverse effects on many biological systems. The diversity of 
action appears to be receptor mediated, and receptor classification awaits the syn
thesis of specific eicosanoid antagonists. Diametrically opposite properties of in
dividual metabolites are apparent in other fields and are well recognized, as is the 
case with the steroids. Here we are concerned with eicosanoids that are immuno
suppressive and others that clearly promote organ rejection. 

2. MECHANISMS 

The antirejection or protective effects of prostacyclin (PGIz), prostaglandin E2 
(PGE2), and prostaglandin D2 (PGD2) can be envisaged as being exerted through 
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a common mechanism, namely, the elevation of intracellular cyclic adenosine mono
phosphate (cAMP), which stabilizes cells such as platelets, leukocytes, and mast 
cells. Further, both PGI2 and PGE2 inhibit lymphocyte proliferation in response to 
both mitogens and antigens (Kelly et al., 1979; Leung and Minich, 1980). The 
involvement of platelets in hyperacute rejection is well known, but platelets are 
also involved in both acute and chronic rejection, as determined by studies with 
[11 1 In]-labeled platelets (Smith et al., 1979; Leithner et al., 1983; Oluwole et al., 
1981). Thus, both PGI2 and PGE2 might also exert some of their antirejection effect 
through increasing platelet cAMP and preventing platelet aggregation. The potent 
vasodilating properties of these three prostaglandins may play a role in prolonging 
graft survival by maintaining blood flow through the graft during the rejection. It 
should be noted that PGI2 and PGE2 are released by endothelium, whereas PGD2 
synthesis occurs in all organs. 

In contrast, the lipoxygenase products, such as the HETEs and the peptido
leukotrienes, collectively may facilitate rejection. The 5-lipoxygenase product leu
kotriene B4 (LTB4) increases calcium flux into cells (Naccache et al., 1981). 
Leukotrienes C4, D4 , and E4 , like TxA2' are potent smooth muscle constrictors 
(Maddox et al., 1984, Maddox et al., this volume). In addition, LTB4 has chemo
tactic and chemokinetic stimulatory activity (Ford-Hutchinson et al., 1980). Thus, 
these compounds possess properties likely to curtail graft survival. However, 
there are in vitro experiments showing that L TB4 induces suppressor lymphocytes 
(Rola-Pleszczynski et al., 1983; Payan and Goetzl, 1983). 

3. DISCUSSION 

The involvement of arachidonic acid metabolites in allograft rejection was 
originally suggested by Quagliata et al. (1973), who found PGE1 to prolong skin 
allograft survival. The finding that the rat cardiac allograft undergoing rejection 
was associated with increased PGE synthesis was shown by Jaffe et al. (1975). 
Several years later, increase in urine immunoreactive thromboxane B2 (i-TxB2) was 
found to be an indicator of kidney allograft rejection in patients (Foegh et al., 1981) 
and probably also in patients undergoing cardiac allograft rejection (Foegh et al., 
1985). Thromboxane A2 is a potent platelet-aggregating agent; TxA2 has also been 
shown indirectly to enhance lymphocyte proliferation and lymphocyte cytotoxicity 
(Rola-Pleszczynski et al., 1983). This effect might be exerted through inhibition 
of cAMP accumulation (Gorman et al., 1979) or through a calcium ionophore effect 
(Kawahara et al., 1983). A protective role of the prostaglandins is strongly supported 
by experimental allograft models in which both PGE2 (Quagliata, 1973) and its 
analogues (Kort et al., 1982; Strom and Carpenter, 1983) as well as PGh (Shaw, 
1983) have been shown to improve allograft survival. Prostacyclin has been used 
as a treatment in kidney allograft rejection (Sinzinger et al., 1981). Prostaglandin 
F2a has not been employed because of its venoconstrictor effects. 

A different approach is the use of cyclooxygenase inhibitors, which prevent 
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the fonnation of both the deleterious compound (TxA2) and the immunosuppressive 
prostaglandins . This indiscriminate inhibition of both classes of compounds is re
flected in the failure to improve graft survival with indomethacin (Fig. I). A 
potentially important exception among cyclooxygenase inhibitors is aspirin 
(Jamieson et ai., 1979; Shaw, 1984) Aspirin affects the prostaglandin endoperoxide 
production by acetylating cyclooxygenase . This phenomenon is not unique, since 
such acetylation occurs with any enzyme containing a serine group at the active 
site. Another indiscriminate approach is by using inhibitors of both cyclo- and 
lipoxygenase enzymes. For example, BW755 has little selectivity and inhibits both 
the cyclooxygenase and lipoxygenase pathways. It is not surprising that BW755 
does not improve cardiac allograft survival in rats (Shaw et ai., 1984). 

Corticosteroids, which are used in the daily treatment of patients receiving an 
organ allograft, inhibit phospholipase A2 and arachidonate release. This leads to 
decreased release of both cyclooxygenase and lipoxygenase products. Corticoster
oids are thought to exert this effect through the synthesis of a polypeptide tenned 
lipomodulin (Hirata et ai . , 1980) or macrocortin (Camuccio et al., 1981), which 
inhibits phospholipase A2. We followed the daily serum levels of lipomodulin in 
a renal transplant patient following treatment with methylprednisolone (I g i. v. 
daily for 3 days). An increase was observed in the serum Iipomodulin as detennined 
by Dr. Hirata by RIA (Hirata et ai., 1981) on a blind basis. An increase in serum 
Iipomodulin level was found to occur more than 36 hr following initiation of 
treatment with methylprednisolone (Fig. 2) . 

A dietary means of manipulating the availability of free fatty acids has been 
described in both men and rats (Mertin and Hunt, 1976). A diet rich in polyun
saturated fatty acids will prolong allograft survival. However, in the clinical trial, 
the improved graft survival did not extend beyond 6 months. 

The next natural step was the use of a more specific inhibitor of the deleterious 
cyclooxygenase product TxA2. Experiments in vitro with human peritoneal mac
rophages show not only an inhibition of TxA2 but also a shunting of arachidonate 
into POb and POE2 (Foegh et al., 1983). The use of a specific TxA2 synthase 

FIGURE 1. Heterotopic cardiac allograft survival in 
Lewis rats receiving hearts from Lewis Brown-Norway 
F,. The recipients received daily treatment with aza
thioprine (5 mg/kg daily i.p.) and indomethacin (2 mgl 
kg daily). 
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FIGURE 2. Daily serum creatinine levels and daily serum lipomodulin levels in a kidney trans
plant patient followed from the day of transplantation (day 0). Arrows indicate treatment with 
methylprednisolone, 1 9 i.v. 

inhibitor (OKY 1581, ONO Pharmaceutical, Japan) in our experimental rat cardiac 
allograft model significantly increased allograft survival. The use of L640,035 
(Merck-Frosst, Canada), a thromboxane antagonist, improved allograft survival 
even further (Foegh et al., 1985a,b; Table I). The effect of this latter drug may be 
partially exerted through its antagonist effect on spasmogenic cylooxygenase prod
ucts other than TxA2 (Carrier et al., 1984) since it is not specific. 

In summary, there is evidence that eicosanoids and, in particular, arachidonate 

TABLE I. Heterotopic Cardiac Allograft Survival 
in Lewis Rats Receiving Hearts 

from Lewis Brown-Norway F1 RatsB 

Treatment 

Untreated 
Azathioprine 
OKY - 1581 + azathioprine 

Allograft survival 
(days) 

8 ± 0.6 
9 ± 0.8 

12 ± 1.3* 

a Recipients received daily treatment with azathioprine (5 mg/kg daily i.p.) 
and the thromboxane synthetase inhibitor OKY 1581 (6 mglkg daily, con
tinuous infusion) or the thromboxane antagonist L-640,035 (50 mglkg daily 
orally). *p < 0.05. 
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metabolites are involved in the success or failure of organ transplantation. Those 
metabolites that elevate intracellular cAMP appear to prolong graft survival, whereas 
those metabolites that are vasoconstrictors and aggregate platelets reduce graft 
survival. 

This is a simplistic scheme, but it possesses the advantage of promoting sys
tematic experimentation along well-defined lines and further offers the prospect of 
new immunosuppressive agents. 
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Prostaglandins in Human Seminal 
Fluid and Its Relation to Fertility 

M. BYGDEMAN, E. BENDVOLD, C. GOTTLIEB, 
K. SVANBORG, and P. ENEROTH 

1. INTRODUCTION 

Human seminal fluid contains a number of prostaglandins (PGs) in large amounts. 
The first identified compounds were PGE 1, PGE2 , PGE3 , PGF1co and PGF2a (Sam
uelsson, 1963). More recently, 19-hydroxy-PGEj, 19-hydroxy-PGE2 , 19-hy-droxy
PGF1a , and 19-hydroxy-PGF2a have been identified. The 813-isomers of these com
pounds are also present (Taylor, 1979; Taylor and Kelly, 1974, 1975). Although 
50 years have now elapsed since von Euler (1936) first identified a new type of 
compound in human semen, which he named prostaglandin, the physio-Iogical 
function of the PGs in semen is still far from clarified. In this chapter, different 
possibilities that we have started to evaluate during the last years are discussed. 

2. METHOD OF PROSTAGLANDIN MEASUREMENT 

Different methods have been proposed to measure quantitatively the prosta
glandins present in human seminal fluid. The one used in the present studies has 
been developed in our laboratory and allowed the measurement of the different 
groups of prostaglandins in individual semen samples. The method has been de
scribed in more detail previously (Svanborg et al., 1982). Briefly, PGE and 19-
hydroxy-PGE were converted to their respective prostaglandin B (PGB) compounds 
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and were quantified by their ultraviolet absorption after purification with two chro
matography steps; PGF and 19-hydroxy-PGF were determined by gas chromatog
raphy, which also allowed measurement of the 8[3-isomers. Labeled PGE, and 
PGF'a were used for correction of losses during the procedure. Determination of 
samples in duplicate showed a precision of 5.6% (range 0.9-9.1%). The recovery 
of added PG was on average 99.2% (range 89.9-107.1%). Semen samples were 
obtained by masturbation from fertile men who had recently proven their fertility 
and from men in infertile marriages. 

The PGEs and especially the 19-hydroxy-PGEs were rapidly degraded during 
storage. Within a few hours, a substantial part seemed to be converted to the 
corresponding PGB compounds. Since semen coagulation normally delays dividing 
the samples into fractions for 30 to 60 min, an analysis of PG concentration and 
sperm characteristics in the same ejaculate has been difficult. In a recent study 
(Bendvold et al., 1984), semen coagulation was prevented by addition of phen
ylmethylsulfonylfluoride, and the semen samples were divided into fractions im
mediately following ejaculation. The results showed that neither addition of the 
protease inhibitor nor the spontaneous coagulation significantly changed the PG 
concentration. It was also demonstrated that with the method used for the analysis 
of the PG concentration, storage of the semen for up to a few hours did not influence 
the results; therefore, dividing the semen could await spontaneous liquefaction. The 
main reason was that in the method used all PGEs and 19-hydroxy-PGEs are 
converted to corresponding PGB compounds by alkali treatment, and the sponta
neous conversion taking place during short-term storage (1 to 3 hr) was therefore 
of minor importance. 

3. CONCENTRATION OF PROSTAGLANDINS IN HUMAN 
SEMINAL FLUID 

The total prostaglandin concentration in semen from fertile men was very high 
in comparison with other body fluids. One ejaculate contained approximately 1.0 
mg of the different prostaglandins together. The concentration varied considerably 
between individuals but was approximately 65 j..Lg/ml for the PGEs, 2.8 j..Lg/ml for 
the PGFs, 320 j..Lg/ml for the 19-hydroxy-PGEs, and 15 j..Lg/ml for the 19-hydroxy
PGFs (Svanborg et al., 1982). Similar figures have been reported by Templeton et 
al. (1978). Semen samples from men in infertile marriages contained, in general, 
lower concentrations of PGEs and 19-hydroxy-PGEs but higher concentrations of 
19-hydroxy-PGFs (Table I; Svanborg et al., 1982). 

The concentrations of different prostaglandins varied considerably between 
different individuals. The variation with time in the same individual was, however, 
less marked, as illustrated in a recent study in which nine healthy men delivered 
repeated semen samples with different time intervals for up to almost 1 year 
(Bendvold et at., 1984a). This finding is of importance because it makes possible 
studies of the influence of different treatments on PG concentration in semen. A 
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TABLE I. Prostaglandin Concentration in Human Seminal Plasmas 

Mean value (lLg/ml) and range 

Groups of men PGE PGF 19-0H-PGE 19-0H-PGF 

Infertile, unselected 43 2.6 260 17.0 
(7-117) (1.4-4.8) (113-427) (9.4-34.1) 

n = 17 n = II n = 19 n = 10 
Fertile 62 2.8 326 14.9 

(15-144) (1.0-5.3) (155--638) (7.0-20.6) 
n = 10 n = 8 n = 10 n = 8 

"From Svanborg et al. (1982). 

prerequisite is, however, that sperm characteristics remain unchanged, because a 
relationship between PG concentration and sperm density and sperm motility can 
be demonstrated. Spontaneous or induced variations in sperm characteristics may 
therefore result in variations in PG concentration and be misjudged as being a direct 
result of treatment. 

4. ORIGIN OF PROSTAGLANDINS IN SEMEN 

Some investigators have reported at least minor concentrations of PGE and 
PGF in the prostate gland and the testis. Incubating eicosatrienoic acid with ho
mogenates of human seminal vesicles, prostate gland, and testis, however, Hamberg 
(1976) demonstrated that only the seminal vesicles were capable of converting the 
acid into PGE 1 in significant amounts. 

Eliasson (1959), using the split ejaculate technique, found that the highest 
prostaglandin concentration measured by bioassay was found in the same fraction 
as fructose and therefore proposed that they originated from the seminal vesicles. 
Information regarding the production site of especially 19-hydroxy-PGE and 19-
hydroxy-PGF is, however, scarce. To evaluate the origin of seminal prostaglandins, 
genital tract fluids were analyzed for content of prostaglandins in two clinical 
situations (Bendvold et al., 1985). Six patients delivered semen samples before and 
after vasectomy. In these patients, the prostaglandin concentration remained es
sentially unchanged although sperm density decreased to zero, indicating a suc
cessful surgery. Similar results were recently reported by Gerozissis et al. (1982) 
using radioimmunoassay for the prostaglandin measurement. These authors found 
comparable prostaglandin concentrations in semen obtained 1 year after vasectomy 
with that in ejaculates from a group of fertile men. 

In another patient a silicone prosthesis was introduced into the straight part of 
the ductus deferens, and secretory products from the testis and epididymis and the 
ejaculate representing mainly the secretion from the seminal vesicles and the prostate 
gland could be separately collected. The secretion from the testis and epididymis 
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contained no detectable amounts of prostaglandins, whereas in the ejaculate from 
the same patient the concentration was within normal limits. The results of these 
studies show that the testis and the epididymis do not contribute significantly to 
the content of prostaglandins in human seminal fluid and support the assumption 
that the seminal vesicles are the main source of all prostaglandins. 

5. REGULATION OF PROSTAGLANDIN PRODUCTION 

Very little is known about the factors regulating the concentration of prosta
glandins in human seminal plasma. Sturde (1971) has reported that androgen treat
ment for 6 to 12 weeks in men resulted in a large increase in prostaglandin con
centration measured by bioassay. A rapid increase in 19-hydroxy-PGE production 
was reported by Skakkebaeck et ai. (1976) in castrated or hypogonadal men after 
testosterone replacement therapy. The effect on 19-hydroxy-PGE concentration was 
more marked than that on PGE concentration. 

Previous studies have shown that treatment with aspirin, a weak prostaglandin 
biosynthesis inhibitor, will result in a reduction of PGE and PGF concentrations in 
human semen measured by bioassay or physicochemical methods (Collier and Flower, 
1971; Horton et ai., 1973). We have recently evaluated the effect of the strong 
biosynthesis inhibitor naproxen on the concentration of seminal prostaglandins as 
well as on traditional sperm parameters. Six patients delivered semen samples 
before, during, and after a 14-day period of medication with naproxen at a dosage 
of 250 mg three times a day. The results showed a significant decrease in the 
concentrations of all four main groups of prostaglandins through the period of 
medication. After 2 days of medication, the level of PGE was reduced to 22%, 19-
hydroxy-PGE to 39%, PGF to 14%, and 19-hydroxy-PGF to 58% of the initial 
concentration. Corresponding levels of reduction after 7 days of medication were 
between 12 and 31 % of the initial concentration. Measurement of prostaglandin 
concentration 1 week after cessation of medication revealed values close to initial 
concentrations. No changes in sperm density, motility, etc. were observed. Whether 
the treatment has any effect on fertility remains to be evaluated (Fig. 1). 

6. PROSTAGLANDINS AND MALE FERTILITY 

The high concentration of prostaglandins in the seminal fluid of men compared 
with that in most tissues and body fluids has led to the logical assumption that these 
compounds are intimately involved in reproductive processes. Early results based 
on bioassays have shown a positive relationship between prostaglandin concentration 
and the ability of the couple to affect conception. These results were later confirmed 
by quantitative chemical methods. Human males who were infertile for no apparent 
reason possessed significantly lower concentrations of seminal prostaglandins, es
pecially PGEs and 19-hydroxy-PGEs, than men with normal fertility (Svanborg et 
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FIGURE 1. The concentration of the four main groups of protaglandins before, during, and after 
treatment with naproxen. Each volunteer received 250 mg three times daily for 14 days. The 
treatment started on day 0 after the first semen sample was collected. Mean values from six 
patients. the initial value is defined as 100%. 

al., 1982). Bygdeman et al. (1970) showed that seminal fluid from fertile men 
contained about 55 j..Lg total PGE/ml, an amount that was significantly higher than 
the corresponding value of 18 j..Lg/ml in semen of men from infertile marriages 
where no other abnormalities could be detected. 

Evidence for a correlation between fertility and seminal prostaglandin con
centration has also been found in sheep. Following artificial insemination, the 
fertility of rams increased by more than 15% if PGE2 and PGF2a were added to 
the diluted ram semen in amounts comparable with the total amount of prostaglan
dins in one ejaculate (Dimov and Georgiew, 1977). 

The precise mechanism by which seminal prostaglandins influence fertility is 
unknown. In fact, the correlation need not be one of cause and effect; the infertility 
may be caused by some other factors that also produce low prostaglandin levels in 
semen. If the high prostaglandin concentration in the human seminal fluid were of 
importance for normal fertility, at least three modes of action might be suggested. 
The prostaglandins may act on the spermatozoa themselves, on the male reproductive 
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tract at or shortly before ejaculation, or on the female reproductive tract after 
ejaculation. 

6.1. Relation between PG Concentration and 
Sperm Characteristics 

In a number of ejaculates, both PG concentration and sperm qualities were 
analyzed. A correlation was found between the density of sperm and the PG con
centration. When the number of spermatozoa was >250 million/ml, the mean 
content of PGE was low, 17 j.Lg/ml, whereas if the sperm density was normal 
(20-250 million/ml), the mean PGE concentration was 69 j.Lg/ml. The corresponding 
values for 19-hydroxy-PGE were 153 and 262 j.Lg/ml, respectively (Bendvold et 
at., 1984). Both differences were statistically significant. Similar results have also 
been reported by Kelly et at. (1979). The opposite relation may also be present. 
In some patients, oligozoospermia was associated with a high PG concentration. It 
is interesting to speculate that a low sperm density is compensated for by a high 
PG concentration, which may, for instance, facilitate sperm penetration through 
the cervical canal. 

A relationship between sperm motility and PG concentration could also be 
found (Table II). This was especially true for 19-hydroxy-PGE and 19-hydroxy
PGF. The concentration of 19-hydroxy-PGE tended to be higher and that of 19-
hydroxy-PGF to be lower in ejaculates with a normal sperm motility. The ratio 
between the two groups of PGs was significantly higher if sperm motility was 
normal. Addition of 19-hydroxy-PGF to semen samples with normal sperm motility 
also resulted in a decreased activity of the sperm and reduced their capacity to 
penetrate cervical mucus in vitro. This was not the case for PGE) or PGF2a (Table 
III). The results indicate that asthenozoospermia could be the result of spontaneous 
or induced changes in the semen PG concentration. It is also tempting to speculate 
that the concentration of the 19-hydroxy compounds in semen is of importance for 
sperm penetration under in vivo conditions. 

6.2. Regulation of Ejaculation 

Von Euler postulated in 1936 that seminal PGs, through their smooth muscle 
stimulatory and vasodilating actions, could be of importance for the emptying of 

TABLE II. Relation between Prostaglandin Concentration and Sperm MotilitY" 

No. of Spenn PGE 19-0H-PGE 19-0H-PGF 19-0H-PGE 

patients motility (Il-g/ml) (ll-g/m1) (ll-g/m1) 19-0H-PGF 

15 <2 71 ± 37 228 ± 81 19.7 ± 7 12 ± 3 
13 3 70 ± 35 289 ± 76* 10.9 ± 3** 27 ± 6*** 

a Mean values::': standard deviation; statistical significance from I-test: *p < 0.05; **p < 0.01; ***p < 0.001. From 
Bendvold el al. (1984). 
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TABLE III. Outcome of in Vitro Penetration Tests 
(Kremer Test) Before and After Addition of Different PGs to the Semen Sample 

(Mean Values of Three Experiments) 

Amount added 
Outcome of penetration tests· 

Compound (lLg) Before After addition 

PGE, 104 7.7 7.6 
PGF'a 2 7 7 
19-0H-PGF 13 7 5 
19-0H-PGF 50-70 7 1.3 

" The outcome of the test was graded in points between 0 and 9. 

the genital glands and in that way regulate the ejaculatory process. This possibility 
has not been studied further since then. Preliminary results from an ongoing study 
supported this assumption. If male volunteers were treated with oral PGE2 (1 mg), 
sperm density decreased to approximately 50% (mean value) of the initial level 12 
to 24 hr after treatment. The number of spermatozoa returned rapidly to normal. 
In control experiments without treatment but with equally frequent semen sampling, 
a reduction in sperm count was not observed. 

6.3. Passive Sperm Transport 

It is possible that changes in uterine contractility during intercourse may fa
cilitate sperm transport. During sexual stimulation there is a marked increase in 
uterine activity that changes to inhibition following female orgasm. A pressure 
gradient between the vagina and the uterus may be the result, which would favor 
a passive sperm transport mechanism. These changes in uterine and vaginal con
tractility may be caused by seminal prostaglandins, but experimental evidence to 
support this assumption is still lacking in the human. Evidence that PGE1 , PGEz, 
and PGF2a enhance sperm migration and hence fertilization has, however, been 
provided in experiments in the rabbit (Spilman et al., 1973). 

7. SUMMARY AND CONCLUSIONS 

Human seminal fluid contains a number of prostaglandins: PGEt , PGE2 , PGE3 , 

PGF ta , PGF2a , 19-hydroxy-PGE Io 19-hydroxy-PGE2 , 19-hydroxy-PGFta , 19-hy
droxy-PGF2a , aud their 8j3-isomers in large amounts. The total PG content in one 
ejaculate was approximately 1 mg. The concentrations of these compounds varied 
considerably among individuals. The variation in concentration in the same indi
vidual was, however, less marked provided that sperm characteristics remained 
constant. All of the PGs most likely originate from the seminal vesicles. Any 
addition from the testis or epididymis was minimal. Treatment with a prostaglandin 
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biosynthesis inhibitor significantly reduced the semen PG concentration. The con
centration of the PGEs, 19-hydroxy-PGEs, and 19-hydroxy-PGFs seemed related 
to fertility. A correlation between PG concentration and sperm density, sperm 
motility, and sperm penetration capacity in cervical mucus in vitro could be dem
onstrated. It is tempting to suggest that functional requisites of sperm depend on 
an optimal seminal PG concentration. It is also possible that the PGs are of im
portance for the ejaculatory process. 
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RICHARD D. CAMP, MALCOLM W. GREAVES, and 
ROBERT M. BARR 

1. INTRODUCTION 

Psoriasis is a common skin disease that, in many cases, appears to be genetically 
detennined. Lesional skin is characterized by epidennal proliferation and inflam
matory changes, of which intraepidennal neutrophil infiltration is a consistent find
ing and one of the earliest abnonnalities seen in developing lesions (Chowaniec et 
al., 1981). Psoriasis may manifest clinically in various fonns, of which the chronic, 
stable, scaly plaque type is the most common. However, the inflammatory changes 
predominate in some patients, and in generalized pustular psoriasis, an uncommon 
fonn of the disease, intraepidennal neutrophil microabscesses are the major path
ological feature (Baker and Wilkinson, 1979). These findings suggest that the 
production of neutrophil chemoattractants by the epidennis may be important in 
the pathogenesis of psoriasis. 

2. NEUTROPHIL CHEMOATTRACTANTS IN PSORIASIS 

A chemotactic substance with some of the properties of the complement frag
ment C5a has been found in psoriatic scale (Tagami and Ofuji, 1976, 1977; Tagami 
et al., 1982), although others have suggested that this material might be epidennal
cell-derived thymocyte-activating factor (ETAF), which is believed to be identical 
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to interleukin 1 and which has neutrophil chemoattractant properties (Luger et al., 
1983). 

The first demonstration of abnormal arachidonic acid metabolism in psoriasis 
was by Hammarstrom et al. (1975), who used gas chromatography-mass spec
trometry (GC-MS) to measure arachidonic acid, 12-L-hydroxy-5,8, 10, 14-eico
satetraenoic acid (12-HETE), and prostaglandin levels in purified extracts of ker
atome slices from lesional and uninvolved psoriatic skin. Greatly elevated levels 
of unesterified arachidonic acid and 12-HETE were found in lesional as compared 
to uninvolved skin. Subsequently, the same group showed that topical glucocorticoid 
application was capable of lowering the levels of free arachidonic acid and 12-
HETE in lesional skin before clinical improvement had taken place, and they 
proposed that the reduction of chemoattractant 12-HETE might partly explain the 
therapeutic effect of topical glucocorticoids in psoriasis (Hammarstrom et al., 1977). 

In recent pharmacological studies of psoriasis, a skin chamber sampling method 
has been developed. This method is less invasive than keratome slicing and excludes 
superficial psoriatic scale from the sample, the possible advantage of which is 
discussed below. Briefly, skin is abraded with a scalpel blade until a smooth surface 
with minimal punctate bleeding is obtained. A cylindrical plastic chamber is fixed 
to the abraded skin with cyanoacrylate adhesive, and phosphate-buffered saline is 
added. Acidic lipid extracts of the buffered saline, removed after different intervals, 
were assayed by an agarose microdroplet leukocyte chemokinesis assay (Smith and 
Walker, 1980). Samples from lesional psoriatic skin contained significantly greater 
leukocyte chemokinetic activity than those from the uninvolved skin of psoriatics 
or the skin of normal volunteers (Brain et al., 1982a). Purification by reversed
and straight-phase high-performance liquid chromatography (HPLC) and assay of 
the evaporated fractions by the agarose microdroplet method indicated that the 
chemokinetic ally active material in acidic lipid extracts of lesional chamber fluid 
was a mixture ofleukotriene B4 (LTB4) and monoHETE-like compounds. Leukocyte 
counting prior to extraction showed that there were few or no leukocytes in the 
chamber fluid samples. When they were present, there was no correlation between 
leukocyte numbers and chemokinetic activity. This indicated that the results obtained 
were not caused by eicosanoid synthesis by cells in the chamber fluid (Brain et al., 
1983, 1984a). 

Acidic lipid extracts of the surface scale obtained by abrasion of psoriatic 
lesions were also shown to contain biologically active amounts of L TB4 and 
monoHETE-like material when analyzed by a combination of HPLC and the assay 
for chemokinetic activity (Camp et al., 1983a; Brain et al., 1984b). Lipid extracts 
of scale and chamber fluid from psoriatic lesions were purified by straight-phase 
HPLC, and appropriate fractions were derivatized and analyzed by GC-MS. Con
clusive identification of 8-HETE, 9-HETE, II-HETE, 12-HETE, and 15-HETE in 
purified scale extracts was achieved by obtaining the full mass spectrum of each 
compound. Semiquantitative analysis of purified scale and chamber fluid extracts 
by selected ion-monitoring GC-MS without internal standards indicated that 12-
HETE was the most abundant arachidonic acid metabolite and that its levels were 
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higher in chamber fluid from lesional as compared to uninvolved skin (Camp et 
at., 1983a). This lipoxygenase metabolite probably accounts for the major part of 
the monoHETE-like neutrophil chemokinetic activity found in the chamber fluid 
and scale extracts. The other monoHETE compounds appeared to be present in 
amounts too low to contribute to the monoHETE-like neutrophil chemokinetic 
activity seen. Of these compounds, 5-HETE was found in the lowest amounts, 
although it proved the most difficult to assay. 

The most abundant monohydroxy fatty acid identified in psoriatic lesions was 
13-hydroxy-9,10-octadecadienoic acid (l3-HODD), a lipoxygenase metabolite of 
linoleic acid, but it was found to have no chemokinetic activity when tested in the 
agarose microdroplet assay (Camp et at., 1983a). In view of reports that 15-HETE 
reduces 5-lipoxygenase activity in vitro (Vanderhoek et at., 1980) and the fact that 
13-HODD has the same w configuration as 15-HETE, it was considered that 13-
HODD might have 5-lipoxygenase-inhibiting properties. Subsequently, it was shown 
that 13-HODD inhibited the release of LTB4 from calcium-ionophore-stimulated 
human leukocyte suspensions, although it was less potent that 15-HETE. It has 
been proposed that 13-HODD is an endogenous modulator of 5-lipoxygenase activity 
in human skin (Fincham and Camp, 1984). 

Quantitative assay of arachidonic acid and 12-HETE in chamber fluid from 
lesional and uninvolved psoriatic skin has been done by GC-MS with the use of 
deuterated internal standards (Barr et at., 1984). There were approximately three
to fourfold elevations of arachidonic acid and 12-HETE levels in lesional chamber 
fluid as compared to that from uninvolved skin. These are considerably lower 
elevations than those reported by Hammarstrom et at. (1975), who found approx
imately 25-fold and 80-fold increases in arachidonic acid and 12-HETE, respec
tively, in lesional compared with uninvolved skin. The sampling methods used are 
the likely explanation for these differences. In the chamber fluid method, the surface 
scale is removed, and the abraded surface is washed prior to collection of the final 
chamber fluid samples. It is likely that the levels of compounds measured in such 
chamber fluid reflect their immediate release from the deeper, viable layers of the 
skin. When keratome slices are taken from psoriatic lesions, as in the report of 
Hammarstrom et at. (1975), the samples contain large amounts of surface scale, 
whereas samples from clinically nonnal skin contain much less scale. It has been 
shown that psoriatic scale contains biologically active amounts of arachidonate 
lipoxygenase products (Camp et at., 1983a), and it is possible that this lipid-rich 
surface layer acts as a "sump" for fatty acid metabolites released from deeper layers. 
Therefore, sampling by keratome slicing may be expected to show greater differ
ences between eicosanoid levels in lesional and uninvolved psoriatic skin than the 
chamber fluid method, but the latter method may reflect more rapidly changes in 
lipoxygenase product levels following, for example, drug therapy. 

A new quantitative GC-MS method for the assay of monohydroxy fatty acids 
apart from 5-HETE has now been developed and is being applied to clinical samples. 
The method involves group purification of hydroxy fatty acid derivatives by HPLC, 
followed by selected ion-monitoring capillary GC-MS with hydrogen as mobile 
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phase, and postcolumn, in-line reduction of separated derivatives. This method 
enables simultaneous profiling and quantification of monohydroxy metabolites of 
a parent unsaturated fatty acid and is being used to define more precisely the activity 
and specifity of the lipoxygenase enzymes in psoriatic skin (Woollard and Mallet, 
1984). It has as yet not been possible to quantify the LTB4-like material in chamber 
fluid and small scale samples from psoriatics by GC-MS, largely because of the 
small amounts of material present. Semiquantitative assays for LTB4 are carried 
out on HPLC-purified samples by the agarose microdroplet technique, which usually 
has an absolute lower limit of detection for LTB4 of 3 pg. 

The release of the sulfidopeptide leukotrienes in psoriatic skin lesions has also 
been investigated by radioimmunoassay. The antiserum, which was raised against 
LTC4, reacted with both LTC4 and LTD4 but was otherwise highly selective. 
Chamber fluid from abraded, washed lesional skin contained significantly higher 
levels of LTC4-imp1Unoreactive material than chamber fluid from uninvolved skin. 
When pooled lesional chamber fluid samples were purified on CI8 "Sep-Pak" car
tridges and by reversed-phase HPLC, 70% of the immunoreactive material cochro
matographed with LTC4, and 20% with LTD4 (Brain et al., 1984c). Similar results 
were obtained when psoriatic scale homogenates were purified by "Sep-Pak" and 
HPLC (Brain et al., 1985). 

3. PROINFLAMMATORY PROPERTIES OF ARACHIDONATE 
LlPOXYGENASE PRODUCTS IN HUMAN SKIN 

Intradermal injection of 50-500 ng L TB4 in normal volunteers produced ilJ
defined indurated areas, the diameters of which were not dose related. Histological 
examination of biopsies taken after 4 hr showed perivascular neutrophil and mono
nuclear cell infiltrates with a few eosinophils but no epidermal abnormality (Camp 
et al., 1983b). It was considered that the lipid nature of LTB4 might allow its 
percutaneous absorption following topical application and that the consequent high 
epidermal concentration of L TB4 might result in intraepidermal neutrophil infiltrates, 
mimicking the inflammatory events in psoriatic skin lesions. Leukotriene B4 was 
applied to forearm skin of normal volunteers in ethanol, which was evaporated, 
and the residue was occluded for 6 hr. Single doses of LTB4 from 5 to 500 ng 
produced erythema and swelling, the diameter of which was dose related. The 
reactions appeared between 12 and 24 hr, were maximal at 20 to 48 hr, and persisted 
for up to 7 days, leaving variable brownish pigmentation and slight scaling. His
tological examination of biopsies taken 24 hr after application of 100 ng LTB4 
showed intraepidermal vacuoles of varying size, filled with neutrophils, below the 
stratum corneum. These changes are similar to those found in pustular psoriasis 
except that in the LTB4 reaction, unlike psoriasis, there were no intraepidermal 
lymphocytes and no significant epidermal edema around the microabscesses. After 
24 hr, neutrophils were no longer a feature, perivascular mononuclear cell infiltrates 
being the main change. There was no significant epidermal hyperplasia as is found 
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in psoriasis, nor did any volunteer develop clinical evidence of a psoriatic lesion 
(Camp et at., 1984). 

Further work has determined the effects of single and multiple applications of 
LTB4 to the skin of normal volunteers and to the uninvolved skin of psoriatics. In 
both groups, multiple LTB4 applications at 24-hr intervals for 9 days to the same 
skin site were associated unexpectedly with a reduction of the visible inflammatory 
reaction after three or four applications. Histologically, there were significantly 
fewer intraepidermal neutrophils in skin sites to which 50 ng L TB4 had been applied 
daily for 9 days than in fresh sites to which a single 50-ng dose had been applied 
at the end of the multiple-dose experiments. This ability to elicit a florid reaction 
to a single dose in a previously untreated site at a time when a state of tolerance 
has been induced in an adjacent multiple-dose site indicates that the tolerance is 
caused by a local mechanism in the repeatedly treated skin and not by desensitization 
of circulating neutrophils. The nature of this local "desensitizing" mechanism re
mains to be determined. No subject, either psoriatic or normal, developed clinical 
evidence of a psoriatic lesion at sites of single or multiple applications of L TB4. 
These findings have led to the conclusion that, in the subjects studied, factors other 
than the release of L TB4 alone are needed in the pathogenesis of psoriatic lesions 
(Wong et al., 1985). 

Intradermal infusion of microgram amounts of 12-HETE in normal human 
volunteers produced significant accumulations of neutrophils and mononuclear cells 
in the dermis but no significant epidermal changes (Dowd et at., 1983). Topical 
application of 200 ng to 50 I-Lg 12-HETE to localized areas of the forearms of 
normal volunteers followed by occlusion for 6 hr produced erythema, the diameter 
of which was dose related. The erythema was visible at 6 hr but had usually 
disappeared by 24 hr, being of much shorter duration, with less swelling, than the 
topical LTB4 reactions. Histological examination of biopsies 6 hr after application 
of 20 I-Lg 12-HETE showed mixed mononuclear and neutrophil infiltrates in the 
dermis, with accumulations of neutrophils in the epidermis in four out of ten 
volunteers. At 24 hr, all subjects biopsied showed intraepidermal neutrophils (Dowd 
et aI., 1984). To our knowledge, these are the first demonstrations of inflammatory 
responses to 12-HETE in human subjects. Work on the effects of 12-HETE in 
psoriatic subjects and on the effects of multiple applications is in progress. 

The proinflammatory effects of LTC4 and L TD4 have also been determined in 
human skin by intradermal injection (Camp et at., 1983b). These two leukotrienes 
caused dose-related erythema and whealing with amounts of 0.012-0.38 nmol, but 
further dose increases up to 7.5 nmol caused no further increases in the magnitude 
of the inflammatory reactions. No significant clinical evidence of vasoconstriction 
was observed, in contrast to the vasoconstrictor effects of these leukotrienes in 
guinea pig skin (Peck et al., 1981). Soter et at. (1983) report the presence of pallor 
in the center of wheals caused by injection of LTC4 and LTD4, but, as discussed 
by Camp et at. (1983b), it is possible that this pallor is simply a function of the 
degree of edema and is created by extrinsic compression of the vasculature by 
edema fluid. 
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4. THE EFFECTS OF DRUGS ON ARACHIDONATE 
LlPOXYGENASE PRODUCTS IN PSORIASIS 

The effects of treatment of patients with chronic plaque psoriasis with the 
aromatic retinoid etretinate have been determined (Wong et al., 1983). Chamber 
fluid samples before and at intervals after oral treatment with etretinate were purified 
by HPLC and assayed for arachidonic acid and 12-HETE by quantitative GC-MS 
and for LTB4-like material by the agarose microdroplet chemokinesis method. Over 
a period of 6 weeks' treatment, there was moderate clinical improvement, evident 
mainly as a reduction in scaling, but not clearance of the patients' psoriatic lesions. 
Chamber fluid samples taken from lesions during this 6-week period showed a 
decline in arachidonic acid and 12-HETE levels, whereas levels of these compounds 
in uninvolved skin were not affected. It was not possible to determine whether the 
reductions in arachidonic acid and 12-HETE were caused by a direct effect of 
etretinate or its metabolites on arachidonic acid release and oxidation or were 
secondary to the partial clearance of the psoriatic lesions. However, it was of interest 
that the levels of LTB4-like material in the lesional chamber fluid did not decline 
during the period of treatment in spite of in vitro evidence that the carboxy metabolite 
of etretinate is a 5-lipoxygenase inhibitor (Bray, 1984). 

It is proposed to determine the effects of specific lipoxygenase inhibitors in 
psoriasis if they become available. A study of the effects of topically applied 15-
HETE is under way. 

5. CONCLUSIONS 

These results show that arachidonic acid, LTB4-like material, and 12-HETE 
are present in increased amounts in psoriatic lesions relative to uninvolved skin. 
The cell of origin of LTB4 is not certain. Evidence for the release of LTB4-like 
material by calcium-ionophore-stimulated cultured human keratinocytes has been 
presented (Brain et al., 1982b), and this finding appears to be supported by a recent 
report of LTB4 release by freshly suspended trypsinized human keratinocytes (Grabbe 
et al., 1984). Thus, it is possible that the LTB4-like material identified in psoriasis 
is released by epidermal cells, but it is also possible that this material is produced 
by neutrophils after their arrival in the skin. 

There is also evidence for the production of 12-HETE by epidermal cells 
(Hammarstrom et al., 1979). In addition, chamber fluid from abraded, uninvolved 
psoriatic skin contained 12-HETE levels measurable by GC-MS (Camp et al., 
1983a; Barr et al., 1984), showing that skin is able to produce this compound in 
vivo in the absence of inflammatory cells, partly as a result of the trauma of the 
sampling method. This contrasts with the findings on measurement of LTB4, which 
was undetectable in the majority of chamber fluid samples from abraded, uninvolved 
psoriatic skin (Brain et al., 1984a). 
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The major source of the elevated levels of arachidonic acid in psoriatic lesions 
has not been determined but is likely to be the epidermis. In psoriatic skin, arach
idonic acid appears to be metabolized more actively by the 12-lipoxygenase pathway 
than by the cyc100xygenase pathway. Where prostaglandin and 12-HETE mea
surements have been made in the same psoriatic samples, the elevation of 12-HETE 
in lesional compared to uninvolved skin was greater than that of the prostaglandin. 
For example, Hammarstrom et at. (1975) reported approximately 80-fold increases 
in 12-HETE levels in lesional compared to uninvolved skin, whereas prostaglandin 
E2 was elevated only 1.5-fold. Barr et at. (1984) reported three- to fourfold ele
vations of l2-HETE in chamber fluid from lesional as compared to uninvolved 
psoriatic skin, whereas prostaglandin E2 levels were not elevated. 

The inflammatory changes found on topical application of L TB4 to human skin 
appeared to provide further important evidence for the role of L TB4 in the patho
genesis of the inflammatory changes in psoriasis. However, the tolerance that 
developed after multiple applications, both in psoriatic and normal volunteers, 
suggests that L TB4 is not capable of maintaining tissue neutrophil infiltrates, at 
least in the skin. Its inability to elicit psoriatic lesions after single or multiple topical 
applications to uninvolved psoriatic skin indicates, at least in the patients studied, 
that the release of L TB4 alone, in the epidermis, is not an initiating event in the 
development of psoriatic lesions. Nevertheless, the release of LTB4 and possibly 
12-HETE might be two of several processes that, together, are needed for the 
initiation of a lesion, and the inhibition of their syntheses by a drug may therefore 
have therapeutic value. The therapeutic efficacy of benoxaprofen in psoriasis (Allen 
and Littlewood, 1982; Kragballe and Heriin, 1983) is an important precedent, but 
whether this effect was a result of lipoxygenase-inhibiting properties is now open 
to question in view of doubts about the potency of benoxaprofen in inhibiting 5-
lipoxygenase (Masters and McMillan, 1984). 

The presence of LTC4- and LTD4-immunoreactive material in psoriatic lesions 
and the evidence that they produce vasodilation in human skin (Camp et at., 1983b; 
Bisgaard et at., 1982) suggest that these compounds may playa role in mediating 
the erythema and increased blood flow (Klemp and Staberg, 1983) that characterize 
psoriatic lesions. The source of the sulfidopeptide leukotrienes in psoriatic lesions 
has not been established. 
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Coronary Leukotriene Levels and 
Myocardial Ischemia 

ROBERT E. GOLDSTEIN, GIORA FEUERSTEIN, 
GORDON LETTS, PETER W. RAMWELL, and 
DAVID EZRA 

1. INTRODUCTION 

1.1. Potential for Involvement of Cysteinyl Leukotrienes in 
Myocardial Infarction 

Several lines of evidence suggest that leukotrienes might be involved in the path
ogenesis of myocardial infarction. Cysteinylleukotrienes released by inflammatory 
cells have a potent capacity to cause vasoconstriction and edema formation. Admin
istration of cysteinyl leukotrienes to blood-perfused, in situ hearts can produce 
profound coronary constriction accompanied by electrocardiographic evidence of 
myocardial ischemia, depression of myocardial contractility, and ventricular ar
rhythmias (Michelassi et ai., 1982; Woodman and Dusting, 1983; Ezra et ai., 
1983). Figure 1 illustrates the influence of leukotriene C4 as observed in our lab
oratory. In this example, a 1-j.Lg bolus of leukotriene C4 , given directly into the 
left anterior descending coronary artery of a pig, caused transient arrest of regional 
blood flow and ST segment elevation characteristic of myocardial ischemia on a 
local surface electrocardiogram. Left ventricular end-diatolic pressure is not altered 
in this example. In other experiments, however, regional wall motion, recorded by 
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FIGURE 1. Leukotriene C4 , 1 ""g, was administered as a bolus into the left anterior descending 
(LAD) coronary artery of an open-chest anesthetized pig. Within 20 sec, mean LAD blood flow 
(top graph) was virtually halted. A surface electrocardiogram recorded from territory perfused 
by the LAD (top, each complex positioned according to the time of recording) showed progressive 
ischemic abnormality. The LAD flow decrement soon reversed, returning to base-line within 2-4 
min. The surface electrocardiogram also reverted'to its base-line configuration within this time 
period. In this example, there was no simultaneous change in left ventricular end-diastolic 
pressure (LVEDP, second graph from top), mean systemic arterial pressure (third graph from 
top), or heart rate (bottom graph). Thus, the change in LAD flow reflected transient, severe 
leukotriene-induced coronary constriction. Intracoronary bolus administration of an equal volume 
of vehicle (0.1 ml saline, pH 7.20) was without effect. 
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epicardial sonomicrometers in myocardium supplied by the left anterior descending 
coronary artery, demonstrated transient, severe reduction in myocardial shortening 
in conjunction with marked leukotriene-induced coronary flow decrement (Mich
elassi et at., 1982; Ezra et at., 1984). Thus, release of cysteinylleukotrienes within 
the heart might have substantial deleterious consequences for coronary and myo
cardial function. 

We hypothesized that localleukotriene release may be stimulated by coronary 
occlusion. Such release might compound an ischemic insult by inducing inappro
priate and detrimental constriction in the fine vessels of affected areas. This may 
lead to exaggeration of local flow deprivation. Arrhythmogenic and negative ino
tropic consequences of cysteinylleukotriene exposure might also complicate incip
ient myocardial infarction. 

Several authors have suggested that inflammatory cells and 5-lipoxygenase 
products figure significantly in the pathogenesis of myocardial infarction. Inhibition 
of leukocyte accumulation with ibuprofen (Romson et at., 1982), drug-induced 
leukopenia (Mullane et ai., 1984), and 5-lipoxygenase inhibition with nafazatrom 
(Fiedler, 1983a, b; Mullane and Bednar, 1984) have each been associated with 
reduction in size of the infarct resulting from coronary occlusion. 

Although multiple factors may be involved in mediating each of these infarct
sparing interventions, it is possible that reduction in leukocyte-produced cysteinyl 
leukotrienes played an important role in reducing the damage resulting from coronary 
underperfusion. Following coronary occlusion, coronary blood flow is often restored 
by development of collateral channels, lysis of thrombi, or relaxation of coronary 
spasm. In advanced stages of ischemic damage, microvessel resistance may be 
elevated. Termed the "no-reflow phenomenon," this failure of local reperfusion 
implies permanent loss of myocardial function (Kloner et at., 1974). Cysteinyl 
leukotrienes might participate in this phenomenon by favoring microvessel con
striction and edema in damaged regions. Moreover, decrease in local perfusion, 
contractile function, and electrical stability might occur with action of cysteinyl 
leukotrienes on myocardium with lesser degrees of injury. If correct, these concepts 
have potentially significant therapeutic implications. In addition to providing a 
possible rationale for the use of 5-lipoxygenase blockers such as nafazatrom or 
BW755C in treatment of myocardial infarction, this line of reasoning suggests that 
the infarct-sparing effects of drugs blocking leukotriene synthesis might be sup
plemented by agents (e.g., FPL-55712) interfering with leukotriene action. 

1.2. Considerations in Evaluating the Role of 
Cysteinyl Leukotrienes 

Although current evidence indicates that cysteinylleukotrienes might compli
cate myocardial ischemia, a number of concerns must be addressed to substantiate 
such speCUlation. For example, the capacity of cysteinyl leukotrienes to produce 
sustained coronary constriction has not been evaluated previously. In vivo dem
onstrations of adverse effects of these substances have all utilized transient responses 
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to bolus administration. Very recent work in our laboratory has shown that coronary 
constriction, electrocardiographic evidence of ischemia, and decreased contractility 
each reverse spontaneously within 5 min of initiating steady intracoronary infusion 
of leukotriene D4 (LTD4), even when initial abnormalities are severe (Ezra et al., 
1984). Such rapid tachyphylaxis is potentially significant. Pathophysiological cir
cumstances involving leukotriene release would probably cause leukotriene exposure 
that persists for a prolonged period. 

When postulating involvement of cysteinylleukotrienes in ischemic myocardial 
damage, it is important to establish that ischemic insult leads to release of these 
materials in sufficient quantity and in an appropriate time frame to impact on the 
evolution of myocardial necrosis. Irreversible biochemical and morphological changes 
characterizing tissue necrosis begin in the innermost (endocardial) layers of the left 
ventricular wall 20-40 min after coronary occlusion (Reimer et al., 1977; Fujiwara 
et al., 1982). When occlusion persists, the necrotic region expands toward the outer 
(epicardial) surface, reaching its full extent after 2-5 hr. Thus, if cysteinyl leu
kotrienes participate in events leading to myocardial necrosis primarily through their 
action on vessels, they must reach levels sufficient to alter coronary vascular per
formance very soon after development of coronary occlusion. Previous studies have 
demonstrated enhanced arachidonate metabolism by ischemic myocardium. Ex
perimental data suggest increased myocardial release of both prostacyclin and throm
boxane A2 during ischemia (Coker et al., 1981; Sakai et al., 1982; Tanabe et al., 
1982). The fact that arachidonic acid undergoes more rapid oxidative transformation 
via cyclooxygenase pathways favors the possibility that ischemic myocardium will 
also exhibit more rapid oxidative transformation via 5-lipoxygenase pathways. 
Questions remain, however, whether increased amounts of arachidonic acid are 
available for 5-lipoxygenase metabolism in ischemic myocardium and whether such 
enzyme systems are activated within ischemic tissue. 

1.3. Arachidonate Metabolites in Coronary Venous Blood 

To evaluate the possible role of cysteinyl leukotrienes in the evolution of 
myocardial necrosis, we measured leukotriene C4 immunoreactivity (LTC4-ir) in 
coronary venous blood draining from regions of myocardium rendered ischemic for 
up to 1 hr. The radioimmunoassay that we employed is highly sensitive to both 
LTD4 and LTC4 and moderately sensitive to LTE4. Thus, our assay should detect 
a significant rise in any of the cysteinylleukotrienes (Hayes et al., 1983). Additional 
radioimmunoassays for 6-keto-PGF1a , the stable metabolite of prostacyclin, and 
thromboxane B2 (TxB2), the stable metabolite of thromboxane A2, were performed 
to monitor simultaneous oxidative metabolism of arachidonic acid via cyclooxy
genase pathways. We used an open-chest pig model previously shown to have high 
coronary sensitivity to the constrictive effects of the cysteinylleukotrienes. Coronary 
flow was reduced by 67-77% to produce signs of severe ischemia. Persistent regional 
flow allowed repeated coronary venous sampling during ischemia and also accom
modated a marked intolerance of the pig heart for total arrest of coronary flow. A 
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l-hr period of ischemia is generally sufficient to cause ultrastructural evidence of 
irreversible deterioration in pig hearts (Fujiwara et al., 1982). 

To evaluate the capacity of our radioimmunoassay system to detect leuko
trienes, we measured LTC4-ir values in coronary venous blood draining myocardium 
selectively perfused with pure, synthetic LTD4 at a rate sufficient to produce an 
intermediate (approximately half-maximal) degree of coronary constriction. These 
values were compared with LTC4-ir values measured in coronary venous effluent 
from myocardium subjected to ischemia. 

2. METHODS 

2.1. Preparation 

Nine domestic pigs of either sex, 9-12 weeks in age and 25-30 kg in weight, 
were sedated with ketamine, 20 mg/kg i. m., and anesthetized with sodium pen
tobarbital 2--4 mg/kg per hr. Catheters were introduced into a carotid artery and 
jugular vein for pressure monitoring, blood sampling, and infusion. Animals were 
intubated and ventilated with a Harvard respirator modified to deliver 3 cm end
expiratory pressure. Rectal temperature, mean arterial pressure, and lead II of the 
electrocardiogram were recorded continuously. Rectal temperature was maintained 
by an external heating pad. A left thoracotomy was performed, and the heart 
suspended in a pericardial cradle. An electromagnetic flow probe was placed around 
a proximal portion of the left anterior descending (LAD) coronary artery, and an 
inflatable occlusion cuff was positioned 1-2 cm distal to the probe. A fine (non
occlusive) polyethylene catheter was introduced into a portion of the great cardiac 
vein that accompanies the LAD and drains myocardium perfused by the LAD 
segment distal to the occlusion cuff. In five pigs, pairs of hemispherical 2-mm 
ultrasound crystals (Triton Technology, San Diego, CA) were implanted approxi
mately 4 mm deep and 10 mm apart within myocardium perfused by the distal 
LAD to record regional myocardial segment length. Throughout the remainder of 
the study, intercrystal distance was recorded continuously along with mean LAD 
coronary blood flow (CBF) and other parameters mentioned above. 

Additional details relating to this preparation have been published previously 
(Ezra et al., 1983). 

2.2. Protocol 

Once hemodynamic values stabilized, base-line recordings were performed, 
and base-line blood samples were collected simultaneously from coronary vein and 
carotid artery. Each 1.5-ml blood sample was centrifuged immediately for 1 min 
in a Beckman Microfuge. The resultant plasma was frozen, stored, and, when 
appropriate, shipped in dry ice. In five pigs additional 0.5-ml aliquots were placed 
immediately in 1 ml iced perchloric acid for subsequent lactate determination. On 
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FIGURE 2. Leukotriene C4 immunoreactivity (vertical axis) (ng/ml) in systemic artery (A) and 
in the vein (V) draining the territory perfused by the left anterior descending (LAD) coronary 
artery. Paired arterial and coronary venous mean values (± S.E.) were obtained just before 
LAD constriction (BASE) and 5, 20, and 60 min after initiation of constriction sufficient to lower 
LAD flow by 67-77% (ISCHEMIA). For comparison, L TC4 immunoreactivity is depicted (at 
extreme right) when pure, synthetic leukotriene 04 (L TD4) was infused directly into the LAD at 
1 ILg/min, sufficient to produce maximal flow decrement of approximately 50%. Although coronary 
venous L TC4 immunoreactivity was significantly (P < 0.01) increased above base-line values 
during L TD4 infusion, there was no difference between base-line values and measurements 
made during ischemia. Number (n) of contributing studies is depicted above each pair of bars. 
The seven pairs receiving L TD4 infusion are different from the nine pigs subjected to ischemia. 

completion of sampling, coronary constriction was produced by cuff inflation to 
reduce and maintain LAD flow at values 67-77% below preocclusion base-lines. 
Repeat measurements of hemodynamic parameters and paired, simultaneous blood 
sampling were performed 5, 20, and 60 min after initiation of coronary flow re
duction. After the 60-min sampling was completed, unobstructed CBF was restored 
by deflation of the occlusion cuff. Final blood sampling and measurement of hemo
dynamic values were performed I min after CBF restoration. 

Effects of steady intracoronary L TD4 infusion were assessed in a separate 
series of seven pigs. Preparations were the same as those just described except that 
the occlusion cuff was omitted and a fine catheter inserted in the LAD 10-15 mm 
distal to the flow probe . Measurements and blood samples were obtained before 
and during control infusions of saline solution. Animals then received graded doses 
of LTD4, 0.3, 1.0, and 3.0 fLg per min, for 6 min interrupted by recovery periods 
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of 20-40 min. Paired blood sampling was repeated at the peak of LTD4 effect, 
after approximately 1-2 min of the infusion. A complete report of physiological 
and other data appears elsewhere (Ezra et al., 1984). The only results described 
here are those obtained with radioimmunoassay for LTC4-ir in pigs receiving 1 fLg 
per min. These are presented for comparison with LTC4-ir measured in pigs with 
ischemia. 

2.3. Radioimmunoassays and Lactate Determination 

Measurements of LTC4-ir were performed by one of us (G.L.) according to 
the methods of Hayes et al. (1983). This assay can detect changes in plasma 
leukotriene C4 (LTC4) level as small as 0.5 ng/m!. Although maximally sensitive 
to LTC4 , the assay also cross reacts with other cysteinyl leukotrienes and their 
sulfone derivatives. Relative to LTC4, the reactivities of these substances are: LTD4, 
50%; LTE4, 7%; LTC4 -sulfone, 1 %; LTD4 -sulfone, 15%; and LTE4 -sulfone, 3% 
(derived from data of Hayes et al., 1983). The assay is insensitive to many other 
lipoxygenase products, including LTB4 and its isomers. 

Radioimmunoassays for 6-keto-PGF1a and thromboxane B2 were performed 
using standard techniques (Granstrom and Kindahl, 1976). Lactate determinations 
were made with a commercial kit (Sigma Chemical Co., St. Louis, MO). 

2.4. Statistics 

Comparisons between mean values were accomplished with analysis of vari
ance and the Newman-Keuls test for statistical significance. 

3. RESULTS 

3.1. Hemodynamic Data and Electrocardiographic Findings 

Three pigs died of ventricular fibrillation during the observation. Since their 
data did not differ from those of surviving animals, results at each point in time 
represent pooled means including all animals alive at the time of measurement. As 
shown in Table I, mean coronary blood flow in the LAD declined from 30 mllmin 

TABLE I. Hemodynamic Data8 

CBF MAP HR nb 

Base line 30 ± 2 83 ± 4 108 ± 3 9 
Ischemia 5 min 10 ± 2* 81 ± 3 110 ± 4 9 

20 min 8 ± 1* 85 ± 3 113 ± 4 7 
60 min 7 ± 2* 87 ± 4 114 ± 4 6 

Flow restoration 74 ± 6* 74 ± 2* 123 ± 4* 6 

"Means ± S.E.; 'P < 0.05 versus base line. 
b Three pigs died in ventricular fibrillation after 5 or 20 min postocc1usion sampling. 
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TABLE II. Evidence for Myocardial Ischemia 

Ischemic electrocardiographic changes (9/9) 
Regional contractile depression (5/5) 
Local lactate production (212) 
Lethal arrhythmia (3/9) 

at preocclusion base-line to values between 7 and 10 ml/min after partial coronary 
occlusion. The LAD flow rose above base-line at the time of blood sampling 1 min 
after cuff release. Mean arterial pressure and heart rate did not change significantly 
after occlusion. Arterial pressure decreased and heart rate increased with restoration 
of coronary flow. 

Table II summarizes evidence of ischemia in myocardium perfused by the 
LAD. Horizontal or downs loping ST segment depression appeared within 2 min of 
coronary flow reduction on the electrocardiogram of each pig. At the same time, 
systolic shortening in the region perfused by the distal LAD diminished severely 
or ceased altogether, and local lactate consumption changed to marked lactate 
production after partial LAD occlusion. The development of lactate production in 
this and similar studies also demonstrated the capacity of our venous sampling 
technique to identify metabolic changes in the ischemic LAD region. 

3.2. Coronary Levels of Leukotriene C4 Immunoreactivity 

Preocclusion arterial and coronary venous values of LTC4-ir were very low 
(Fig. 2), somewhat below LTC4-ir levels measured in human plasma examined 
using the same radioimmunoassay (Hayes et at., 1983). These postthoracotomy 
values were not altered from prethoracotomy values. There was no consistent ar
teriovenous difference in LTC4-ir. 

The LTC4-ir levels remained unchanged in plasma from systemic arterial and 
local coronary venous blood after 5, 20, and 60 min of myocardial ischemia (Fig. 
2). Thus, there was no evidence that the early phases of myocardial ischemia are 
associated with local intracoronary release of cysteinylleukotrienes or their sulfone 

TABLE III. Coronary Eicosanoid Levels with Restoration of LAD FloW" 

6-keto-PGFta (n = 3) TxB2 (n = 6) 

A v A v A v 

Base line 1.0 ± 0.2 1.9 ± 0.5 0.3 ± 0.1 0.7 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 
Row restoration 1.0 ± 0.2 1.4 ± 0.4 0.3 ± 0.1 2.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 

• Mean ± S.E. Number of animals with data after ftow restoration (n) is shown in parentheses for each measurement. 
No statistically significant differences were observed for LTC.-ir and TxB,. Statistical analysis was not performed 
for 6-keto-PGF,. because of the small number of data points. Abbreviations: LAD. left anterior descending coronary 
artery; LTC.-ir. leukotriene C. immunoreactivity; n. number of data points; 6-keto-PGF,., 6-keto-prostaglandin F,.; 
TxB,. thromboxane B,. 



LEUKOTRIENES AND MYOCARDIAL ISCHEMIA 451 

derivatives. Coronary flow restoration was similarly unassociated with any change 
in LTC4 -ir levels (Table III). 

In contrast , coronary venous L TC4-ir levels were substantiallay increased from 
0.9 ± 0.1 to 7.0 ± 1.1 ng/ml by intracoronary LTD4, I jJ.g/min. These data dem
onstrate the capacity of the radioimmunoassay to detect cysteinyl leukotrienes in 
coronary venous blood when these are present in sufficient quantity to produce a 
moderate change (50% reduction) in coronary flow . Lack of alteration of arterial 
LTC4-ir during LTD4 infusion very likely represents redistribution, sequestration, 
or pulmonary degradation of the infused LTD4. 

3.3. Coronary Levels of 6-Keto-PGF1a and Thromboxane 8 2 

Preocclusion data showed that 6-keto-PGFlo was present in greater quantity 
in coronary venous blood than in systemic arterial blood (Fig. 3). Within 5 min of 
coronary flow reduction, coronary venous levels of 6-keto-PGFlo rose and remained 
elevated to a similar degree for the remainder of the 60-min ischemic period. On 
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~ 1.0 
c 

0.5 

0 '--~1Ca.-

60 min 

ISCHEMIA 

E .. 
c 

0.5 

TXBz 

60 min 
I 

ISCHEMIA 

FIGURE 3. Concentrations of 6-keto-PGF,u (left panel), the stable metabolite of prostacyclin, 
and thromboxane B2 (TxB2' right panel), the stable metabolite of thromboxane A2 (ng/ml, vertical 
axis) for systemic artery (A) and coronary vein (V). Determinations were performed using aliquots 
of the same samples employed for leukotriene C4 immunoreactivity. Samples were drawn before 
(BASE) and 5, 20, and 60 min after initiating constriction sufficient to lower coronary artery flow 
by 67-77% (ISCHEMIA) . Values are means (±S.E.) of six to eight studies (TxB2), four studies 
(6-keto-PGF,u base and 5 min ischemia), or three studies (6-keto-PGF,u, 20 and 60 min is
chemia). The TxB2 levels were unchanged during ischemia. Coronary venous levels for 6-keto
PGF,u showed a strong and consistent tendency to rise; the small number of samples precluded 
statistical analysis. 
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restoration of unhindered coronary perfusion, coronary venous concentration of 6-
keto-PGF!ot rose even further despite near doubling of the flow rate relative to the 
preocclusion period. Arterial concentrations of 6-keto-PGF!ot remained stable 
throughout the study. 

The TxB2 concentration was similar in arterial and coronary venous blood and 
did not change appreciably throughout the period of observation (Fig. 3). 

4. DISCUSSION 

4.1. Cysteinyl Leukotriene Levels during Myocardial Ischemia 

Our data indicate that the local coronary venous concentration of cysteinyl 
leukotrienes is not increased during or immediately after a I-hr period of myocardial 
ischemia. In contrast, the concentration of 6-keto-PGF!ot in the same blood samples 
rose during ischemia and increased even further with restoration of flow. These 
latter results, in agreement with the findings of other laboratories (Coker et al., 
1981; Sakai et al., 1982), suggest that arachidonate release and oxidative trans
formation to prostacyclin was enhanced in the ischemic myocardium of our pigs. 
The apparent lack of concomitant arachidonate transformation to cysteinyl leuko
trienes may be explained by lack of access of substrate (e.g., arachidonic acid, 
glutathione, or oxygen) to appropriate enzyme systems, unfavorable conditions for 
metabolism via 5-lipoxygenase pathways, or a simple lack of 5-lipoxygenase ac
tivity. Our studies do not discriminate among these possibilities. Lack of enzyme 
activity, however, is a particularly attractive hypothesis. Although sensitized cardiac 
tissues can release significant amounts of leukotrienelike material in response to 
antigenic challenge, perhaps because of the activity of mast cells (Capurro and 
Levi, 1975; Zaveca and Levi, 1977), the 5-lipoxygenase system of cells present in 
newly underperfused myocardium may not respond similarly to ischemic challenge. 
Leukotriene production is most characteristic of white blood cells, a cell type not 
present in abundance in the earliest phases of myocardial ischemia (Mullane et al., 
1984). 

Our inability to detect a significant rise in cysteinyl leukotriene levels with 
ischemia does not seem related to insensitivity of assay methods. The large rise in 
local coronary venous LTC4-ir during intracoronary LTD4 infusion shows the ca
pacity of our radioimmunoassay techniques to detect cysteinyl leukotrienes when 
present in quantity sufficient to produce important coronary constriction. These 
same results also tend to exclude rapid degradation or sequestration of leukotrienes 
within coronary vessels as an explanation for lack of rise in LTC4-ir with ischemia. 

4.2. Leukotrienes and White Blood Cells in Myocardial Infarction 

White blood cells may play an important role in the pathogenesis of myocardial 
infarction. Early adherance of white blood cells to coronary endothelium damaged 
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by ischemia may interfere with microcirculatory function by mechanically plugging 
vessels (Engler et ai., 1984) and by releasing edema-promoting substances, va
soconstrictors such as 12-hydroxyeicosatetraenoic acid (Trachte et ai., 1979; Mul
lane et ai., 1984), or platelet-activating factor (Feuerstein et ai., 1984). White cell 
production of free radical superoxide anion, hydrogen peroxide, and other cytotoxic 
substances may augment myocyte damage and augment progression to necrosis 
(Weissman et ai., 1980; Del Maestro et ai., 1980; Fantone and Ward, 1982). Early 
white cell release of leukotriene B4 may be important in recruiting additional white 
cells, thereby increasing local superoxide anion generation. Nafazatrom, BW755C, 
and other inhibitors of 5-lipoxygenase may interfere with this process by blocking 
synthesis of leukotriene B4 and, in the case of some of these agents, by direct 
inactivation of superoxide anion and other free radicals. 

Although cysteinyl leukotrienes might theoretically participate in the patho
genesis of ischemic myocardial necrosis from sustained coronary occlusion, our 
results do not substantiate this hypothesis. Hence, blockade of synthesis or action 
of cysteinylleukotrienes may have little impact on coronary or myocardial function 
within 1 hr of a coronary occlusion. By the time that white blood cells invade 
ischemic myocardium in sufficient quantity to manufacture significant amounts of 
cysteinylleukotrienes, the myocardium may well have undergone irreversible changes 
of necrosis. 

Cysteinyl leukotrienes may still have an important pathogenic role by stimu
lating spasm in large coronary arteries, thus initiating or sustaining coronary oc
clusion. This might occur when inflammatory processes affect previously stable 
atherosclerotic lesions. Such a spasm might represent the first step in the occurrence 
of myocardial infarction. In our opinion, present findings favor an initiating role 
rather than an exacerbating role for the cysteinyl leukotrienes in the pathogenesis 
of myocardial infarction. 
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Decreased Concentrations of 
Prostaglandin F2a in Delayed 
Labor 
A Model for Studies on the Control of 
Prostaglandin Production by the Uterus 

K. REDOI, A. KAMBARAN, S. M. JOUBERT, 
R. H. PHILPOn and R. J. NORMAN 

1. INTRODUCTION 

The mechanisms responsible for the onset of spontaneous human labor at term are 
poorly understood. Furthermore, millions of neonates die every year as a result of 
the complications of pre- and postterm delivery. Although there are numerous 
theories, little progress has been made in determining the precise factors that permit 
the delivery of a mature and healthy baby. 

However, all investigators are agreed that prostaglandins are a key element in 
the final common pathway leading to myometrial contractions. The possible role 
of these compounds was first recognized by Karim and his colleagues (1966, 1967) 
who identified prostaglandinlike material in human amniotic fluid in labor. Sub
sequently, concentrations of prostaglandin E2 (PGE) and prostaglandin F2a (PGFa) 
were shown to increase in maternal blood and amniotic fluid as labor progressed 
(Keirse and Turnbull, 1973; Keirse et al., 1974; Mitchell et ai., 1978). Adminis
tration of prostaglandins and their analogues precipitated labor at all stages of 
gestation, whereas antiprostaglandin agents had the reverse effect (Zuckerman et 
al., 1974). 

K. REDDI, A. KAMBARAN, S. M. JOUBERT, R. H. PHILPOn, and R. J. NORMAN • Medical 
Research Council Unit for Preclinical Diagnostic Research, University of Natal, Congella, South Africa. 

457 



458 K. REDDI et al. 

Despite the evidence for the role of this group of compounds in causing uterine 
contractions, little is known about the control of prostaglandin synthesis and release 
by human uterine tissues. In the sheep, the fetus can activate prostaglandin synthesis 
by the effect of fetal cortisol on placental 17 a-hydroxylase activity and a subsequent 
increase in estrogen production by the redirected steroid pathways (Liggins et ai., 
1973). No such mechanism exists in man. Fetal adrenal estrogen precursors (Turn
bull et ai., 1977) or oxytocin from the fetal neurohypophysis (Chard et ai., 1971; 
Fuchs, 1983) have been suggested as possible regulators of prostaglandin biosyn
thesis and release, but evidence for these hypotheses has been difficult to investigate 
in vivo. As a further complication, Mitchell and his colleagues (1977) have suggested 
that local control of prostaglandins in the fetal membranes may playas important 
a role as hormones from mother or fetus. They showed that amniotomy, stretching 
of the cervical canal, or vaginal examination led to a rapid and sustained increase 
in prostaglandins in amniotic fluid and maternal blood independent of any observed 
changes in maternal circulating hormones. Thus, regulation of prostaglandin syn
thesis prior to labor may be under both hormonal and local control. 

Prostaglandins are produced by all tissues in the body. Their actions are local, 
and they are rapidly metabolized to inactive compounds. Consequently, the mea
surement of primary prostaglandins in the blood is of little value in investigating 
production by the intrauterine tissues. The amnion, chorion, and decidua are major 
sites of prostaglandin production (Mitchell et ai., 1978; Keirse, 1983), and the 
amniotic fluid contains no prostaglandin-metabolizing enzymes (Keirse, 1978). This 
fluid is potentially a better source of information on the amount of PGE and PGF 
synthesis before and during labor. We have examined the concentrations of various 
prostanoids during dysfunctional labor, a condition in which poor uterine action 
leads to delay in delivery of the fetus. No biochemical abnormality has hitherto 
been identified in this condition, but we now demonstrate that it is associated with 
reduced production of prostaglandins. 

2. PATIENTS AND METHODS 

Patients selected for this study were in spontaneous labor at term with a cervical 
dilatation of 3-4 cm at entry. All patients had vaginal delivery of healthy, term 
neonates after 38-42 weeks of gestation; subjects with cephalopelvic disproportion 
or who required operative delivery were excluded. Details of labor were recorded 
on a partogram (Philpott, 1972), and patients were divided into those who progressed 
with a cervical dilatation rate of greater than 1 cm per hour (group I, n = 10) and 
those who progressed at less than 1 cm per hour (group II, n = 12). All patients 
in group II were given intravenous oxytocin to enhance uterine contractions. The 
two groups were equivalent with respect to maternal age, parity, mean duration of 
gestation, and birth weight of child. The duration of observed labor in group I was 
3.2 hr and in group II 5.8 hr. 

Amniotic fluid samples and intrauterine pressure readings were obtained from 
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two Portex catheters placed via the cervix into the uterine cavity (Cowan et al., 
1982). The fetus was monitored by scalp electrodes and intermittent pH measure
ments where required . Prostaglandins E, F2,,, 13,14-dihydro-15-keto-F2a (PGFM), 
6-keto-F2a (PGIM), and thromboxane B2 (TxB2) were measured by specific ra
dioimmunoassays as previously described (Norman et al., 1981; Norman and 
Joubert, 1982; Reddi et al . , 1984). 

3. RESULTS 

The concentrations of PGE, PGF, and PGFM in amniotic fluid increased in 
patients with normal progress in labor (group I), but only PGE showed this trend 
in patients with delayed progress (group II) (Fig. 1). The administration of oxytocin, 
although increasing intrauterine pressure and hastening delivery, had no apparent 
effect on prostaglandin levels. The concentrations of PGIM and TxB2 did not differ 
between the two groups and showed no rise with active labor. Concentrations of 
PGE, PGF, and PGFM in group I subjects in early labor were higher than in patients 
who were not in labor at the same gestational age (Norman and Joubert, 1982). 

4. INTRAUTERINE PRODUCTION OF PROSTANOIDS 

Prostanoids in the amniotic fluid are derived mainly from the fetal membranes 
rather than from fetal urine (Norman and Joubert, 1982; Robinson and Mitchell, 
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FIGURE 1. Amniotic fluid concentrations of various protanoids in early and late labor (nmoilliter). 
PGE, protaglandin E; PGF, prostaglandin F2.; PGFM, 13,14-dihydro-15-keto-prostaglandin 
F2.; PGIM, 16-keto-prostaglandin Fin; TxB2, thromboxane B2• Statistical differences were as
sessed by the Mann-Whitney sum test, and median values are shown in the figure. 
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1983). Prostaglandin and PGF are the most abundant prostanoids in amniotic fluid 
(Mitchell, 1981). Free arachidonic acid is the only precursor of these compounds 
and other prostanoids of the 2 series, and the concentration of arachidonic acid 
rises in amniotic fluid during spontaneous labor (Keirse et al., 1977). Mobilization 
of free arachidonic acid from phosphatidylethanolamine and phosphatidylinositol 
in cell membranes is a crucial step in prostaglandin production. Bleasdale et al. 
(1983) have shown that in amnion, the amount of arachidonic acid in diacylphos
phatidylethanolamine and phosphatidylinositol decreased by 42% and 35%, re
spectively, from early to late labor. Human chorioamnion contains phospholipase 
A2 with a specific substrate preference for phosphatidylethanolamine containing 
arachidonic acid; this is calcium dependent (Okazaki et al., 1978). Release of 
arachidonic acid from phosphatidylinositol requires at least three enzymes including 
(1) phospholipase C (specific to phosphaditylinositol); (2) diacylglycerol lipase; and 
(3) monoacylglycerollipase (Bleasdale et al., 1983) (Fig. 2). These enzymes show 
an increase in specific activity during gestation (with the exception of diacylglycerol 
lipase) and may be activated by any mechanism that releases calcium. Once ar
achidonic acid is liberated, production of prostaglandins and thromboxanes proceeds 
via cyclic endoperoxides. It seems likely that prostaglandin synthesis is not entirely 
dependent on availability of free arachidonic acid but rather depends on the activities 
of the enzymes in the prostaglandin synthetic pathyways (Keirse, 1983) (Fig. 3). 
The control of the relative proportions of PGE, PGF, prostaglandin, and TxB2 from 
their common precursors is poorly understood. 

In dysfunctional labor, the normal levels of PGE, PGIM, and TxB2 suggest 
that mobilization of arachidonic acid is not impaired. However, preliminary work 
has suggested that there may be a difference between groups I and II with regard 
to prostaglandin synthesis-inhibiting substances that are found in the amniotic fluid 
(K. Reddi, R. J. Norman, W. M. Deppe, and S. M. Joubert, unpublished data). 
The defect may result from abnormal conversion of endoperoxides to PGF, a process 
that does not require a specific enzyme and is affected by numerous reducing agents 
(Nugteren and Hazelhof, 1973). The normal levels of PGIM and TxB2 do not 
suggest a shunting of the pathway to prostacyclin or thromboxane A2. 

A further example of the low concentrations of PGF and PGFM relates to the 
different sites of PGE and PGF synthesis within the pregnant uterus. The major 
site of PGE synthesis is in the lower segment of the uterus (Norman et al., 1981, 
1983). It is possible that before the onset of labor, PGE production is predominant, 
and uterine contractions result from the switching on of other uterine tissues that 
make PGF. The change in the observed PGE : PGF ratio would result from acti
vation of dormant tissues. In dysfunctional labor, this switch would not occur, 
leading to a reduced concentration of PGF in the upper part of the uterus where 
the major muscle fibers of the uterus are located. 

The lack of effect of oxytocin on anmiotic fluid concentrations of PGF and 
PGFM is of interest in light of the evidence that this hormone increases prostaglandin 
production from decidua and membranes in vitro (Fuchs, 1983). The present study 
shows that improvement in intrauterine contractions and rapid delivery occurred in 
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Local and hormonal factors 
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FIGURE 3. Possible sites of regulation of PGF2a synthesis. 

group II patients after administration of oxytocin to the mother despite continuing 
low levels of amniotic fluid PGF. This suggests that the higher levels of PGF in 
group I patients were not secondary to their more effective uterine contractions and 
that restoration of uterine pressure with oxytocin in group II patients did not influence 
PGF synthesis by the membranes. Oxytocin must act mainly through its direct 
action on the myometrium. 

5. CONCLUSION 

This study shows that an abnormality in the production of PGF is associated 
with dysfunctional hypotonic labor. This clinical condition may provide a model 
for studies of those factors thought to be involved in the regulation of prostaglandin 
production by intrauterine tissues in the human. 
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The Differentiated Contractile 
Effects of Prostaglandins on the 
Various Segments of the 
Pregnant Human Uterus 

B. LINDBLOM, M. WIKLAND, N. WIQVIST, 
I. BRYMAN, and A. NORSTROM 

1. INTRODUCTION 

It is by now well established that prostanoids playa central role in the regulation 
of myometrial activity and thereby in the physiological control of human parturition 
(Liggins, 1979). Evidence for this concept is that exogenous PGs are effective for 
induction of labor (Karim et al., 1969; Thiery and Amy, 1975) and that inhibitors 
of PG biosynthesis are able both to delay spontaneous labor (Lewis and Schulman, 
1973) and to inhibit preterm labor (Zuckerman et al., 1974; Wiqvist, 1979). To 
date, though, no evidence has emerged showing an increased formation of PG 
compounds prior to the spontaneous onset of parturition. 

Normal labor is a complex kinetic process requiring adequate coordination of 
the uterine forces. The uterine wall of the upper segment becomes shorter as labor 
proceeds. Concomitant with this, there is a circumferential dilatation of the lower 
uterine segment and a gradual thinning of the uterine wall (Danforth and Ivy, 1949). 
Furthermore, the uterine cervix undergoes fundamental structural changes prior to 
term and during the course of parturition (Uldbjerg et al., 1983). 

It may therefore be hypothesized that the various uterine segments may react 
differently to endogenous myoactive products, e.g., prostanoids, and that the re-
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sponse of a certain segment to a certain PG compound may change in temporal 
relation to the initiation of labor. 

The aim of the present investigation was to study the effect of PGE2, PGF2co 
and PGIz on the contractility of the upper and lower uterine segments as well as 
the cervix before and during spontaneous labor. The effects were compared with 
the responses produced by oxytocin and norepinephrine. 

2. MATERIAL AND METHODS 

Tissue specimens were obtained from women who delivered in the 39th through 
40th week of gestation. The women underwent elective or acute cesarean section. 
Clinical criteria for active labor were (1) regular spontaneous contractions (frequency 
;;..3 per 10 min, duration >60 sec) and (2) cervical dilatation> 4 cm. None of the 
patients received oxytocin or other stimulatory or tocolytic drugs during the course 
of the delivery. The determination of gestational age was based on ultrasound 
examination in the 16th to 18th week of pregnancy. 

Within a few minutes following delivery of the child and placenta, small 
specimens were excised from the fundal region of the uterine body ("upper seg
ment") as well as from the lower edge of the transverse incision in the lower uterine 
segment. After identification of the internal os, cervical tissue specimens were 
isolated by the use of a biopsy needle with an inner diameter of 1.5 mm (Tru Cut, 
Travenol, Deersfield, IL, USA). All preparations were immediately immersed in 
ice-chilled oxygenated Krebs-Ringer bicarbonate (KRB) buffer and transferred to 
the laboratory. Under a stereomicroscope equipped with transluminant light, tissue 
strips with a cross-sectional area of approx 0.5 mm2 and a length of 4 mm were 
prepared from the upper and lower segments. Cervical preparations measured 4-5 
mm in length and had a cross-sectional area of 1-1.5 mm2. 

The strips were mounted in mantled 3-ml tissue chambers perfused by aerated 
(96% O2, 4% CO2) KRB buffer fortified with 10 mM d-glucose. Four specimens 
could be studied simultaneously, and the superfusion was maintained at a flow rate 
of 1-2 mlImin at a constant temperature of 37°C with a pH of 7.4. 

The free end of each specimen was connected to a force transducer (Grass FT-
03), from which the signals were amplified and registered on a polygraph (Grass 
Model 7D). For further methodological details see Wikland et al. (1982) and Bryman 
et al. (1984). 

The strips were exposed to a drug during a 5- to 1O-min period by injection 
of a minute amount directly into the tissue chamber. The data given in Section 3 
represent the effect obtained with one or two strips from each uterine segment of 
an individual patient. 

The following drugs were used: prostaglandin E2 sodium salt, prostaglandin 
F2a (Prostin®), both purchased from The Upjohn Co., Kalamazoo, MI, USA; PGI2 
sodium salt (kindly supplied by the Pharmaceutical Division, ICI, Ltd., Manchester, 
U.K.); crystalline 5,8,1l,14-eicosatetraynoic acid (ETYA) (kindly supplied by F. 



PROSTAGLANDINS AND PREGNANT HUMAN UTERUS 467 

Hoffmann-LaRoche Ltd., Basel, Switzerland); indomethacin (kindly supplied by 
Merck Sharp & Dohme, Rahway, NJ, USA); norepinephrine (ACO Ltd., Sweden); 
and oxytocin (Syntocinon@, Sandoz AG, Basel, Switzerland). 

3. RESULTS 

Spontaneous contractile activity appeared in 70-90% of strips from the upper 
and lower segments and in 69% of cervical specimens. Oxytocin (OX) induced a 
marked excitatory effect on all segments at concentrations ranging from 0.01 to 
100 mU/ml. Norepinephrine (NE) likewise had an excitatory effect at concentrations 
of 0.01-100 mM. There was no variation in the response to oxytocin or NE that 
could be related to the presence or absence of active labor. 

Before labor, PGE2 induced a stimulatory response in both segments when 
low concentrations were used. At higher concentrations (;??; 10 ng/ml), a biphasic 
response (stimulation followed by inhibition) appeared. During labor, PGE2 stim-
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segment 

Before labour 

t 
PGE2 1Ong/ml 

Before labour 

During labour 

~ 
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PGE 2 1Ong/ml 
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t 
PGF20C 10ng/ml 
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............ 
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FIGURE 1. Responses of the upper and lower uterine segments to PGE2 before and during 
labor. Note the powerful stimulatory response in the upper segment during labor and the re
laxation of the lower segment. B: Responses of the upper and lower uterine segments to 
PGF2a before and during labor. Note the absence of any excitatory effect in the upper segment 
before labor. 
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ulated the upper segment at all concentrations tested, whereas the lower segment 
showed an inhibitory or inconsistent response (Figs. lA, 2). 

Surprisingly, PGF2a was without effect on the upper segment before labor but 
produced an excitatory response during labor. On the lower segment, PGF2a was 
excitatory before labor, whereas during labor there was generally no effect (Figs. 
IB,3). 

Prostacyclin induced a biphasic response (stimulation followed by inhibition) 
in preparations from the upper and lower segments but only at comparatively high 
concentrations. This effect occurred in 65% of cases before as well as during labor. 
In the remaining subjects, PGI2 was without any effect. In a few cases the initial 
stimulation failed to occur in the lower segment, and thus there was an initial 
inhibition (Fig. 4). 

The response of the upper and lower segments to PGIz is summarized in 
Fig. 5. 

Cervical specimens responded to PGE2 by inhibition before as well as during 
labor. These effects occurred at extremely low concentrations (0.0001-1.0 ng/ml). 
Prostaglandin F2a caused an inhibitory response before as well as during labor. 
However, this effect occurred only at comparatively high concentrations C"'" 100 
ng/ml). Prostacyclin always had an inhibitory action on the cervix, occurring at 
concentrations ranging from 0.1 to 100 ng/ml (Fig. 6). 

Percent 
stimulated 

BEFORE 
6/6 

Upper 

Percent 1 10 100 

inhibited 

DURING 
717 
r--

-

10 100 1 
PGE 2 ng/ml 

Lower 

BEFORE DURING 

~ 
1/7 1/7 ~ - r-
2/7 1/7 I--i- 217 

277 
4;7 

577 
778 m 

10 100 10 100 

FIGURE 2. Diagrammatic illustration of the effects of PGE2 at different concentrations. The 
figures at the bars indicate numbers of subjects. Figures at the zero line show the proportion 
of nonresponders. 
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FIGURE 3. Diagrammatic illustration of the responses induced by various concentrations of 
PGF2". Inhibitory responses were never observed. For explanation, see Fig. 2. 
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FIGURE 4. An example of the effect of PGI2 . In this particular case there was no stimulatory 
response in the lower segment, whereas in the upper segment there was a biphasic effect 
(stimulation followed by inhibition). 



470 B. LINDBLOM et a/. 

Percent 
stimulated 

Upper segment Lower segment 

100 Before During Befofe During 
lAi 5/1 'A 

11 
% 

50 

3/'3 

0 ',J 'I. 1J1 % ~. ru '15 'A '11 

% 
% 

¥u ~ 
50 

100 0 ,1 10 0.1 10 0 ,1 10 0 ,1 10 
Percent 
inhibited PGI2 !191m I 

FIGURE 5. A summary of the effects of PGI2 (note concentrations are in j.l.g/ml). Only the initial 
effect is shown. In the upper segment the typical response is an initial stimulation. The lower 
segment reacts by either stimulation, inhibition, or no response before as well as during labor. 
For explanation, see Fig. 2. 
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FIGURE 6. The effects of various PGs on cervical muscle strips: PGE2 has an inhibitory effect 
at very low concentrations (1 pg/ml); also PGF2a and PGb act inhibitory, but only at high 
concentrations. 
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TABLE I. Response of Uterus and Cervix to Various Agents before Labor" 

ox NE PGE2 PGF2a PGIz 

Upper segment + + +1- 0 +1-
Lower segment + + +1- + +1-
Cervix + + 

'Symbols. +. stimulation. -. inhIbitIOn; +! - . stimulation followed by inhibitIOn. i.e .. a biphasic response: O. no 
response. 

The compiled data are summarized in Tables I and II. During inhibition of 
spontaneous activity induced by indomethacin or ETY A (l0-30 f-Lg/ml) , phasic 
contractile activity could be restored in the upper and lower segment by the addition 
of PGF2a (10-100 ng/ml). However, PGF2a was not able to reestablish contractile 
activity in cervical tissue during ETY A treatment. 

4. DISCUSSION 

Prostanoids are now considered to represent a link among various mechanisms 
regulating the timing and course of parturition. Theoretically, both the pattern of 
production of various PG compounds within a tissue and the myogenic response 
of that tissue may vary with the physiological condition. Furthermore, the action 
of the substances may be different when they act within the cell where they are 
synthesized and when they reach neighboring tissues by diffusion. The present data 
provide evidence that prostanoids, in contrast to oxytocin and NE, may induce 
opposite responses on the different segments of the term pregnant uterus. This 
differentiation of effects may be explained by an uneven distribution of PG receptors 
in different parts of the uterus, as demonstrated in the nonpregnant state (Cranks haw 
et al.. 1979). Furthermore, the described shift in myometrial response to PGs at 
the time of spontaneous labor could depend on a change in the affinity for certain 
PG compounds (Bauknecht et al .. 1981). Although PGEz and PGFza may induce 
different responses on the same specimen, PG12 generally induces the same qual
itative response as PGEz (see Tables I, ll), supporting the concept that the latter 
substances may act on the same receptor (Tougui et al .. 1980). 

Taken together, the present results favor the hypothesis that labor in the human 
female is associated with a critical change in the myometrial reaction to prostanoids. 

TABLE II. Response of Uterus and Cervix to Various Agents during Labor" 

ox NE PGE2 PGF2a PGIz 

Upper segment + + + + +1-
Lower segment + + 0 +1-
Cervix + + 
"Symbols: +. stimulation; -. inhibition; + /-, stimulatIOn followed by InhibItion, i.e., a blphaslc response; 0, no 

response 
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These alterations may involve suppression of the expulsive forces and tightening 

of the lower uterine segments during pregnancy. Prior to or accompanying the start 

of labor, this reactivity pattern is changed to a marked excitatory response towards 

PGEz and PGFza in the upper segment whereas the lower segment reacts in a manner 

that favors dilatation. The smooth muscle of the cervix changes its reaction to PGs 

quantitatively and qualitatively during pregnancy (Bryman et al., 1984), although 

there is no evidence for a changed response prior to initiation of labor. 

Finally, it is realized that information concerning the influence of more recently 

discovered arachidonate products must be gathered and taken into consideration in 

evaluating the role of prostanoids in human parturition. 

ACKNOWLEDGMENTS. Thanks are due to Mrs. Ann Andersson for valuable technical 

assistance and to Mrs. Ann-Louise Dahl for expert secretarial help. 

REFERENCES 

Bauknecht, T., Krahe, B., Rechenbach, U., Zahradnik, H. P., and Breckwoldt, M., 1981, Distribution 
of prostaglandin E2 and PGF2a receptors in human myometrium, Acta Endocrinol. (Kbh) 98:446-450. 

Bryman, 1., Sahni, S., Norstrom, A., and Lindblom, B., 1984, Influence of prostaglandins on con
tractility of the isolated human cervical muscle, Obstet. Gynecol. 63:280-284. 

Crankshaw, D. J., Crankshaw, J., Branda, L. A., and Daniel, E. E., 1979, Receptors for E type 
prostaglandins in plasma membrane of nonpregnant human myometrium, Arch. Biochem. Biophys. 
198:70-77. 

Danforth, D. N., and Ivy, A. C, 1949, The lower uterine segment, Am. 1. Obstet. Gynecol. 57:831-841. 
Karim, S. M. M., Trussel, R. R., and Hillier, K., 1969, Induction of labour with prostaglandin F2a , 

1. Obstet. Gynaecol. Br. Commonw. 76:769-782. 
Lewis, R. B., and Schulman, J. D., 1973, Influence of acetylsalicylic acid, an inhibitor of prostaglandin 

synthesis, on the duration of human gestation and labour, Lancet 2:1159-1161. 
Liggins, G. C, 1979, Initiation of parturition, Br. Med. Bull. 35:145-150. 
Thiery, M., and Amy, J.-J., 1975, Induction oflabour with prostaglandins, in: Advances in Prostaglandin 

Research. Prostaglandins and Reproduction (S. M. M. Karim, ed.), MTP Press, Lancaster, pp. 
149-228. 

Tougui, Z., Do Kahc, L., and Harbon, S., 1980, Modulation of cyclic AMP content of the rat myo
metrium: Densensitization to isoproterenol, PGE2 and prostacyclin, Mol. Cell. Endocrinol. 20:17-22. 

Uldbjerg, N., Ulmsten, U., and Ekman, G., 1983, The ripening of the human uterine cervix in terms 
of connective tissue biochemistry, Clin. Obstet. Gynecol. 26:14-26. 

Wikland, M .. Lindblom, B., Wilhelmsson, L., and Wiqvist, N., 1982. Oxytocin, prostaglandins, and 
contractility of the human uterus at term pregnancy, Acta Obstet. Gynecol. Scand. 61:467-472. 

Wiqvist. N., 1979, The use of inhibitors of prostaglandin synthesis in obstetrics, in: Human Parturition, 
Boerhaave Series. Vol. 15 M. J. N. C. Keirse, A. M. B. Anderson, andJ. Bennebroek Gravenhorst, 
eds.), Leiden University Press, Leiden, pp. 189-200. 

Zuckerman, H., Reiss, U., and Rubinstein, 1., 1974, Inhibition of human premature labor by indo
methacin, Obstet. Gynecol. 44:787-792. 



Immune Reactions, Neoplasia, 
and Inflammatory Processes 

v 



46 

Membrane Events and Guanylate 
Cyclase Activation in Mitogen
Stimulated Lymphocytes 

JOHN W. HADDEN, ELBA M. HADDEN, and 
RONALD G. COFFEY 

1. INTRODUCTION 

The lymphocyte has provided an important model for the study of the early bio
chemical events associated with the initiation of cellular proliferation. Resting 
lymphocytes (Go or restricted G1 phase), as obtained from human peripheral blood, 
can be induced in large numbers to undergo clonal proliferation using a variety of 
mitogens. The two most commonly employed plant lectin mitogens are phytohem
agglutinin (PHA) and concanavalin A (Con A). The initiation process is charac
terized by rapid, saturable binding of the lectin to cellular receptors «30 min), 
followed by a series of cellular events involving probably three cell types. 

The thymus-dependent (T) cell triggered to proliferate is activated to enter the 
G1 phase of the cell cycle, to synthesize RNA and protein, and to display on its 
surface new receptors including those for interleukin II (IL-2, formerly called T
cell growth factor). The adherent monocyte triggered by the lectin produces a soluble 
mediator termed interleukin I (IL-I, formerly called lymphocyte-activating factor), 
which in tum acts on a T helper cell and/or a large granular lymphocyte and induces 
it to synthesize and secrete interleukin II. The IL-2 then acts on the T cell originally 
primed to enter G1 phase, and this cell enters the S phase of the cell cycle and 
replicates. The requirement for monocytes in this process can be obviated by their 
removal and replacement by exogenously added IL-l or by using the mitogen 
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phorbol myristate acetate (PMA). The requirements for both the monocyte and the 
IL-2 producer cell can be obviated by their removal and the exogenous addition of 
preformed IL-2. The priming of accessory cells and the initiation ofT -cell replication 
in this system offer a unique system for the characterization of the cellular inter
actions and early biochemical events in the proliferative process. 

One unique feature of this system is that the lectin mitogen does not need to 
enter the cell in order to initiate the process. Phytohemagglutinin and Con A bound 
to sepharose beads will initiate it. Another feature is that the lectin need be present 
for a restricted time period, <3 hr for PHA and an initial 3 hr as a first signal and 
a second 3-hr signal (at 18-21 hr) for Con A. In both cases, the initial 3-hr signal 
is a calcium-dependent one. 

Much of the work to date on the biochemical events of lymphocyte activation 
has focused on the first I hr. A variety of biochemical processes have been studied 
(see Table I for a partial listing). Unfortunately, the experiments have not been 
performed with isolated cell populations, so it is not clear which events are occurring 
in lectin-activated accessory cells and which occur in the T cells that ultimately 
proliferate. One objective of this type of study is to characterize the initial bio
chemical events so that cause-and-effect relationships can be ascribed and an obligate 
series of sequential reactions can be detected that are common to lectin mitogens 

TABLE I. Early Events of Lymphocyte Activation by Lectin Mitogens 

I min 

2-5 min 

5-15 min 

20-30 min 

Later changes 

Lectin receptor binding 
Calcium uptake 
Arachidonate release from phosphatidyl inositol 
Potassium uptake, (NalK) ATPase increases 
Phosphatidylethanolamine methylation 
Arachidonate release from phosphatidylcholine 
Cyclooxygenase and lipoxygenase products produced 
Guanylate cyclase activation 
Cyclic GMP increases 
Glucose and nucleoside transport increase 
Arachidonate and phosphate uptake and incorporation in membrane lipids 
Calcium-dependent protein kinase activation 
Membrane and nuclear protein phosphorylation 
DNA-dependent RNA polymerase changes (I and III i, II ~) 
Histone phosphorylation and acetylation 
Phosphoribosyl pyrophosphate synthetase activation 
Acyl-CoA transferase activity increases 
mRNA and protein synthesis 
Cyclic AMP increases 
Cyclic nucleotide protein kinases increase 
Ornithine decarboxylase increases with polyamine synthesis 
Cell receptors appear for insulin, transferrin, IL-2, etc. 
Increases in glylcolysis, glycogen accumulation 
DNA synthesis 
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and perhaps to other mitogens as well. As a result of the recent emergence of IL-
2 as a second signal required to complete the G j ~ S ~ G2 ~ mitosis sequence, 
the initiation events studied to date may refer either to accessory cell activation 
and/or to the induction of entry of the T cell into the G j phase of the cell cycle. 
More complete accounts of the biochemical events have been detailed elsewhere, 
and the reader is referred to these sources for complete referencing and for an 
appreciation of other views of this controversial area (Hadden, 1977; Hadden and 
Coffey, 1982; Hume and Weidemann, 1980; Resch, 1976; Strom et at., 1977; 
Wedner and Parker, 1976). 

2. CYCLIC NUCLEOTIDES IN THE EARLY EVENTS OF 
LYMPHOCYTE ACTIVATION 

This brief review focuses on the possible roles of cyclic nucleotides, cyclic 
3' ,5' -adenosine and -guanosine monophosphate (cAMP and cGMP, respectively) 
and calcium in the initiation process. The majority of studies have employed PHA 
or Con A as the lymphocyte activator and resting human peripheral blood lym
phocytes as the target cells, and no discussion is provided concerning the nuances 
of employing thymocytes, splenocytes, or lymph node lymphocytes. Early studies 
provided evidence that lectin-stimulated lymphocytes show early changes in cellular 
levels of cAMP or cGMP (Smith et al., 1971; Hadden et at., 1972), and two schools 
of thought developed independently, each dwelling on one or the other cyclic 
nucleotide as the initiator. Numerous publications ensued in support of each school. 
Without discussing the conceptual and technical aspects of this controversy, we 
here present our view, which we interpret to be supported by the preponderance of 
the evidence. 

Phytohemagglutinin and Con A both induce early increases (5-20 min) in 
cellular levels of cGMP (Hadden et at., 1972). In our experience, they increase 
cAMP levels only if impure agglutinating preparations or high concentrations (su
praoptimal) are used. Perhaps the clearest demonstration of the distinction between 
the two responses was observed in studies comparing the action of succinylated 
Con A (S-Con A) to the native, tetrameric Con A (Hadden et al., 1976). Native 
Con A, like PHA, shows a bell-shaped dose-response curve on lymphocyte pro
liferation with Con A doses from 50 jJ-g/ml up to 250 jJ-g/ml progressively inhibiting 
the proliferative response. Succinylated Con A, which does not induce patch and 
cap formation characteristic of the native Con A, shows a plateau type of dose-response 
curve with optimal proliferation occurring from 25 jJ-g/ml up to 250 jJ-g/ml. Both 
forms of Con A produced early increases in cellular levels of cGMP, and only the 
native form induced increases in cAMP at supraoptimal concentrations (progres
sively from 50 to 250 jJ-g/ml). We interpret these data to indicate that increases in 
cellular levels of cGMP are a consistent finding in lectin-induced lymphocyte pro
liferation, whereas the cAMP increases and the concomitant events of patch and 
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cap formation and an associated microtubular-based freezing of the membrane are 
epiphenomena of mitogen action related to the "tum off' of supraoptimal concen
trations of Con A. In support of this intepretation are a number of observations 
indicating that agents that increase cAMP block mitogen action whereas those that 
increase cGMP promote it. Since these early observations, more than 20 laboratories 
(see Hadden and Coffey, 1982, for review) have confirmed that cGMP changes 
occur with these and other mitogens and have associated the changes with guanylate 
cyclase activation and cGMP-dependent protein kinase activation. In addition, the 
defective lymphoproliferative responses observed in cancer, aging, malnutrition, 
and immunotoxicant exposure have been correlated with impaired early cGMP 
responses. 

It was clear from the onset of this work that cGMP increases alone were not 
sufficient to induce lymphocyte proliferation since hormonal influences that increase 
cGMP would promote but not initiate the process. Several lines of evidence indicated 
that calcium might be involved in the signal mechanism. 

3. CALCIUM IN THE EARLY EVENTS OF 
LYMPHOCYTE ACTIVATION 

Previous work had shown that mitogens induce calcium influx in lymphocytes 
and that lymphocyte proliferation, particularly the early activation process, is de
pendent on the presence of calcium in the extracellular medium (Alford, 1970; 
Whitney and Sutherland, 1973). Based on prior associations of calcium with the 
guanylate cyclase/cGMP system, we were led to consider this a central feature. We 
confirmed the observations that the calcium ionophore A23187 was mitogenic for 
human lymphocytes and showed that its action to induce early increases of cellular 
levels of cGMP, as with proliferation, were dependent on extracellular calcium 
(Coffey et al., 1977). We showed that deletion of extracellular calcium markedly 
reduced the cellular cGMP increases that occurred with PHA and Con A. We further 
noted that following lectin priming in the absence of calcium, the subsequent 
addition of calcium led to a brisk increase in cGMP levels not evident in the controls. 
We found that if calcium was deleted and EGTA added to chelate cell-associated 
calcium, no cGMP increases occurred despite adequate cellular binding of the lectin. 
These observations led us to conclude that the membrane events induced by lectins 
that lead to cGMP generation were dependent on calcium. 

The work at this point took two directions. In order to insure that the 
cGMP/calcium-related events were germane to T-cell activation, we probed the 
nucleus for evidence that these intracellular metabolic signals were involved. In the 
process, we confirmed that the early cGMP changes were not dependent on adherent 
accessory cells, indicating but not proving that the relationship of cGMP and calcium 
to early nuclear events would involve the G1 activation events of the T cells. The 
second direction involved a probing of the components of a transmembrane signal 
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that would give rise to guanylate cyclase activation. This approach proved to be 
more complex, since guanylate cyclase, unlike adenyl ate cyclase, is not activated 
by direct contact with a coupling subunit having receptor binding properties. 

4. CYCLIC GMP AND CALCIUM IN LYMPHOCYTE 
NUCLEAR ACTIVATION 

A number of workers (Pogo et al .. 1966: Johnson et at .. 1974) had shown 
that within I hr of stimulation by lectin mitogens a number of nuclear processes 
were initiated, including stimulation of RNA-dependent DNA polymerases I and 
III (with inhibition of polymerase Il), acetylation of histones, phosphorylation of 
nonhistone acidic nuclear proteins, and RNA synthesis. To test the premise that 
cGMP and calcium were involved in these processes, we (Johnson and Hadden, 
1975a; Ananthakrishnan et al .. i981) incubated intact lymphocytes with PHA in 
toe presence and absence of calcium or EGT A and isolated the nuclei at 1 hr and 
measured RNA synthesis using the incorporation of labeled uridine triphosphate 
(UTP) into RNase-sensitive nuclear constituents. In the presence of PHA, RNA 
synthesis increased linearly over the lO-min incubation of the isolated nuclei. In 
the absence of extracellular calcium, the response was markedly reduced. With the 
further addition of EGT A, as with the cGMP response, no nuclear RNA synthesis 
occurred. These observations supported the hypothesis that the cGMP and calcium 
signal originating at the cell surface were intimately linked to nuclear activation. 

We (Johnson and Hadden, 1975a; Ananthakrishnan et ai., 1981) further showed 
that under both isotonic conditions and high-salt conditions (to restrict reinitiation 
of RNA synthesis), addition of cGMP and calcium (at concentrations consistent 
with calculated intracellular levels following mitogen stimulation, i.e., 10-9 M and 
10--4 M, respectively) to nuclei isolated from resting lymphocytes induced RNA 
synthesis. The degree of stimulation of RNA synthesis was comparable to that 
observed in the nuclei of lymphocytes primed by PHA. 

Subsequent studies showed that cGMP binds to partially purified DNA-de
pendent RNA polymerases 1, II, and III and increases or decreases their RNA 
synthesizing capabilities in a manner parallel to the changes that occur in nuclei of 
PHA-activated lymphocytes (i.e., 1 and III increase and II decreases within 1 hr) 
(Johnson and Hadden, 1977). Cyclic GMP also binds to a number of nonhistone 
acidic nuclear proteins, which are phosphorylated when lymphocytes are stimulated 
by lectins or other cGMP-raising agents (Johnson and Hadden, 1975b; Johnson et 
at., 1975). No such changes occurred with addition of cAMP. Although much 
remains to be learned about the interrelationship of calcium with these events, our 
data indicate that the effects of calcium may relate to the increase in initiation sites 
that occurs with PHA activation and the effects of cGMP relate to the rate of 
transcription of these sites. The possible role of cGMP-dependent protein kinase 
in the protein phosphorylation associated with these events remains to be elucidated. 
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These observations, although only scratching the surface, are sufficient to support 
the hypothesis that cGMP and calcium are at least two components of lectin mitogen
induced membrane to nuclear signal. 

5. GUANYLATE CYCLASE ACTIVATION IN MITOGEN ACTION 

Initial studies indicated that PHA-induced early increases in lymphocyte cGMP 
levels were variable in magnitude and transient in timing. Since the catabolism of 
cGMP was shown not to be impaired following PHA, studies were initiated to 
analyze the effects of PHA on guanylate cyclase activation. To date we have 
performed more than 60 such experiments. Highly reproducible effects of PHA to 
stimulate membrane and to a lesser extent soluble guanylate cyclase have been 
observed, which persist up to 4 hr following the disruption of the cells and the 
isolation of the guanylate cyclase fractions by differential and isopycnic centrifu
gation. These observations indicate that the activation of guanylate cyclase by PHA 
is a relatively stable process and, thus, that the more variable changes in cellular 
levels of cGMP reflect only a small portion of a rapid turnover process with as
sociated extensive intracellular destruction and binding, which probably obscure 
detection of free cGMP. 

Experiments parallel to those preformed with cGMP levels and nuclear RNA 
synthesis in which calcium was excluded or chelated with EGT A (Coffey et al., 
1981) were performed with guanylate cyclase activity of broken cells, and it was 
shown that extracellular calcium (therefore, calcium influx) was largely responsible 
for PHA-induced guanylate cyclase activation. In the presence of EGT A, as with 
increases in cGMP levels and RNA synthesis, no activation of guanylate cyclase 
occurred. 

Throughout our experiments with guanylate cyclase, three cationic environ
ments were employed (i.e., magnesium, manganese, and calcium), since the ap
propriate intracellular cationic requirements of guanylate cyclase are thought to be 
calcium or magnesium, and manganese produces maximal activity. The levels of 
basal activity and stimulated activity in lymphocytes, as in other tissues, were 
greatest with manganese, less with magnesium, and least with calcium. Phytohem
agglutinin-activated guanylate cyclase was measured with each cation. Although 
calcium stimulates the enzyme, the degree of stimulation, even with the concomitant 
presence of magnesium, compared to the increases that occur following PHA ac
tivation, is not of such a magnitude as to allow an interpretation that calcium itself 
is the primary stimulant. This observation led us to probe what other calcium
dependent metabolic processes might be involved. 

Our initial observations characterizing the increase in guanylate cyclase activity 
induced by PHA demonstrated several distinguishing features (Coffey et al., 1981). 
In the lymphocyte, approximately one-half of the guanylate cyclase is membrane 
bound, and the greatest (fourfold) and the earliest (2 min) increases following PHA 
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occurred in a membrane fraction that was confirmed to be at least in part plasma 
membrane based on its density in sucrose gradients and its association with other 
known lymphocyte plasma membrane markers. The PHA-induced increases in the 
soluble enzyme were delayed and differed somewhat in cation dependence (prin
cipally manganese dependent). These observations have suggested that the soluble 
cytoplasmic enzyme is different in its mechanism of stimulation or represents an 
altered, translocated membrane enzyme. 

Use of the reducing agent dithioerythritol showed that PHA activation of 
guanylate cyclase involved probable oxidation steps perhaps of the enzyme itself 
(Coffey et al., 198 I) . Work of Goldberg and co-workers at that time (Haddox et 
al., 1978; Graff et al., 1978) gave us an important lead. Working with ascorbate 
and hydroperoxyeicosatetraenoic acids in spleen cells, which include lymphocytes, 
these investigators presented evidence that a variety of oxidation reactions could 
activate guanylate cyclase. These observations suggested to us that the release of 
oxidizing eicosanoids in mitogen-activated lymphocytes might well provide a mech
anism of guanylate cyclase activation. At that time, the idea that arachidonic acid 
(AA), the precursor of these eicosanoids, was important was being treated in the 
context that AA incorporation into membrane phospholipids was critical (see Resch, 
1976, for review). Its release had not been seriously considered, although in the 
activation of other cell types (e.g., platelets and mast cells) it seemed important. 

A single experiment performed in February 1978 convinced us that it was 
relevant to actively pursue this avenue. We added the products of phospholipase, 
arachidonic acid, and lysolecithin to lymphocyte homogenates and observed that 
AA activated guanylate cyclase. Indomethacin, an inhibitor of cyclooxygenase and 
therefore ofthromboxane and prostaglandin synthesis, had no effect on the activation 
of guanylate cyclase. 5,8,11, 14-Eicosatetraenoic acid (ETY A), an inhibitor of Ii
poxygenase (as well as cyclooxygenase) and therefore of the synthesis of lipoxy
genase-derived eicosanoids, completely blocked the activation of guanylate cyclase. 
These were the first observations directly implicating the lipoxygenase pathway in 
mitogen-induced lymphocyte activation. From this point, events moved rapidly in 
many laboratories, and lack of space makes a complete accounting impossible. 

The strategy in detailing these events has involved three approaches. The first 
is that the lectin, particularly PHA, elicits certain changes in membrane enzyme 
activation and releases certain products; the second is that inhibitors of these pro
cesses block lymphocyte proliferation and, for our purposes, block guanylate cyclase 
activation; and the third is that readdition of the required product following inhibition 
restores the proliferative process and the activation of guanylate cyclase. Not all 
approaches have been sufficiently tested at this time to allow final conclusions, and 
the lack of specificity in the use of available inhibitors entails pitfalls. The story 
accumulated to date is of interest in detailing, for the first time, a tentative metabolic 
sequence for a transmembrane mitogen signal leading to the production of cGMP. 

Perhaps the first event following lectin mitogen binding to the lymphocyte cell 
surface involves the methylation of membrane phospholipids. Hirata et al. (1980) 
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have presented evidence to show that the inhibition of the methylation of phos
phatidylethanolamine (PE) blocks PHA- or Con A-induced arachidonic acid release 
and prevents lymphocyte proliferation. Correspondingly, lectins induce methylation 
of PE and increase synthesis of phosphatidylcholine (Fisher and Meuller, 1971; 
Hirata et al., 1980; Parker et al., 1979a,b). Hirata and co-workers (1980) have 
suggested that the methylation of phospholipids by lectin mitogens forms the basis 
for the calcium ionophoretic effect. Interestingly, nonlectin mitogens, the calcium 
ionophore A23187 , and phorbol myristate acetate (PMA) do not induce phospholipid 
methylation but directly activate one or more phospholipases. A number of labo
ratories (Hirata et al., 1980; Parker et al., 1979a,b; Goetzl, 1981) have demonstrated 
that the lectin mitogens and PMA and the calcium ionophore all induce the release 
of arachidonic acid. In the case of the lectin mitogens, the sources of the arachidonic 
acid appear to be both phosphatidylinositol and phosphatidylcholine (Parker et al., 
1979a,b). 

Based on the apparent sources of arachidonate, several mechanisms are implied: 
a phospholipase A2 cleaving AA from the -2 position of phosphatidylcholine, a 
phospholipase C cleaving inositol phosphate from the 3 position of phosophati
dylcholine, or inositol and a diglyceride lipase releasing AA from either the 1 or 
2 position of the diglyceride. Of these three enzymes, only phospholipase C has 
been demonstrated in lymphocytes (Allan and Mitchell, 1974). A fourth possibility 
involves the suggested reversal of acyl-CoA transferase, which preferentially in
corporates AA into the 2 position of phospholipids (Trotter et al., 1982; K. Resch, 
personal communication). Functionally, this enzyme would perform as a phospho
lipase A2 operating in reverse and coupled with an enzyme that cleaves arachidonoyl 
coenzyme A. The inhibitor sensitivity of the enzyme releasing AA from membrane 
phospholipids is that of phospholipase A2. Cyclic AMP, quinacrine, hydrocortisone, 
dimethyl-DL-2,3-distearoyloxypropyl-2-hydroxyethylammonium acetate, and p
bromophenacylbromide inhibit phospholipases and are thought or have been shown 
to inhibit arachidonate release in lymphocytes. The acyl-CoA transferase is also 
sensitive to these inhibitors (K. Resch, personal communication). Although the 
specific enzyme has not been identified, it is clear that inhibitors of methylation 
and AA release block lymphocyte activation. 

Mitogen-induced AA release results in the formation by the cyclooxygenase 
pathway of thromboxane A2 and B2 but little in the way of prostaglandins (Parker 
et al., 1979a,b; Goetzl, 1981). Inhibition of this pathway with indomethacin has 
essentially no effect on, or increases, lymphocyte activation by lectin mitogens, as 
is the case for guanylate cyclase activation. More importantly, in mitogen-stimulated 
lymphocytes, AA gives rise to 5-, 11-, 12-, and 15-hydroxyeicosatetraenoic acids 
(HETEs) and leukotriene B4 via the lipoxygenase pathway. Presumably, but difficult 
to measure, the precursor 5-, 11-, 12-, and 15-hydroperoxides are also formed. 
Inhibition of the lipoxygenase pathway inhibits the generation of these eicosanoids 
and inhibits lymphocyte proliferation induced by lectin. Further support for the 
relevance of these metabolites is provided by the observation that the addition of 
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AA, in preference to other fatty acids, to lectin-stimulated lymphocytes promotes 
lymphocyte proliferation (Kelly and Parker, 1979). This action is blocked by ETYA 
but not indomethacin. Arachidonic acid or one product of this pathway, 5-HETE, 
does not itself induce lymphocyte proliferation, and to date the precise mechanism 
of the calcium ionophoretic action thought necessary for proliferation remains un
clear. In addition to monomethylethanolamine, phosphatidic acid (a calcium ion
ophore in other tissues) remains a possibility. 

Inhibitors of phospholipid methylation and phospholipase inhibit guanylate 
cyclase activation in addition to lymphocyte proliferation (Coffey et al., 1981). In 
addition, inhibitors of lipoxygenase (Coffey et al., 1981) inhibit both guanylate 
cyclase activation and lymphocyte proliferation. The question remains as to what 
products of lipoxygenase are involved. The principal metabolite in lymphocytes is 
5-HETE and presumably 5-HPETE, its precursor; the 5-HPETE is rapidly and 
spontaneously converted to 5-HETE, and for lack of availability of 5-HPETE we 
have been unable to test it. Dr. J. Martyn Bailey and Dr. Edward Goetzl have 
kindly provided us with 5-HETE, 12-HETE, and I1-HETE. In intact lymphocytes 
all three activate guanylate cyclase, and 5-HETE is the most active. In guanylate 
cyclase prepared from broken cell preparations, the addition of these HETEs to 
lymphocyte homogenates or to the membrane and soluble enzyme produces little 
or no effect (see R. C. Coffey and J. W. Hadden, this volume). Since the HETEs 
themselves do not have the oxidative potential thought important to activate guan
ylate cyclase directly, the HPETEs seem to be the most relevant to test, and plans 
are underway to do so. Leukotriene B4 remains to be tested as well. 

Reported by R. C. Coffey and J. W. Hadden in this volume is the effect of 
15-HETE to block the effect of PHA to activate guanylate cyclase in lymphocytes. 
Dr. Bailey (Bailey et al., 1982) previously showed that 15-HETE blocks lymphocyte 
proliferation induced by two mitogens, PHA and PMA. We demonstrated that both 
15-HETE and ETYA block the effect of 5-HETE added extracellularly to activate 
guanylate cyclase. 15-Hydroxyeicosatetraenoic acid has been suggested to be a 
negative feedback regulator in the activation of this pathway by acting to inhibit 
the lipoxygenase responsible for the formation of 5- and 12-HETEs. The inhibition 
of the action of 5-HETE to stimulate guanylate cyclase is a new observation. The 
fact that 5-HETE presumably acts on intact cells implies that its role is extracellular 
and involves receptors. The observation that the effect is blocked by ETYA and 
15-HETE implies that it promotes the conversion of AA to active eicosanoids or 
that it enhances release of AA, which in tum results in the further production of 
eicosanoids. In either case, it would appear to operate as a positive feedback 
regulator. 

An important question is whether the action of 5-HETE is primarily directed 
to the same cell or to other cells. McCarty and Goetzl (1979) have shown that 
exogenous 5-HETE is chemokinetic forT lymphocytes. It is possible that the release 
of 5-HETE by lymphocytes acts in a lymphokinelike manner to promote the mi
gration and aggregation of cells that are known to occur following mitogen stim-
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ulation. These possibilities of extracellular as well as intracellular signals now make 
it mandatory to employ isolated cell populations to probe the role of these metabolites 
in cell-cell interactions previously thought to be interleukin mediated. 

It has been suggested at this meeting by Goldyne that T lymphocytes do not 
make lipoxygenase products and that monocytes do. This suggestion was made on 
the basis of experiments using double rosette-purified T cells (a small subpopulation 
of the total T-cell population) with or without monocytes. This suggestion is con
tradictory to many of the observations and interpretations presented in this chapter 
and deserves comment. The observations concerning release of arachidonate and 
the formation of eicosanoids (Goetzl, 1981; Parker et at., 1979a,b) were performed 
following the removal of adherent cells (monocytes), and, as stated, guanylate 
cyclase activation, increases in cGMP, nuclear activation, and the triggering of T 
cells into the G 1 phase of the cell cycle all have been observed to occur in the 
absence of adherent cells. It may be that intracellular communication occurs and 
is necessary for the production of eicosanoids in T cell populations; however, rather 
than the monocyte, nonadherent accessory cells would appear to participate. The 
population of large granular lymphocytes as well as T helper cells would seem 
likely candidates. We plan to test these possibilities in the near future. 

6. SUMMARY AND CONCLUSION 

Lectin mitogens, PHA and Con A, activate T lymphocytes in a complex manner 
dependent on cell-cell interaction and intercellular molecular communication in
volving interleukins I and II and perhaps also AA, 5-HETE, cGMP, and other 
active substances known to be liberated by activated leukocytes. It is clear that 
lectin mitogens can activate T cells for RNA and protein synthesis in the absence 
of accessory cells and under similar conditions will induce calcium influx, cGMP 
increases, and activation of guanylate cyclase. These observations in conjunction 
with evidence indicating that cGMP and calcium are linked to nuclear activation 
processes known to be essential for RNA and protein synthesis allow the formulation 
of a hypothesis that cGMP and calcium are part of the initial triggering process (Go 
~ G 1) for T-lymphocyte activation. Second signals involving actions of IL-I and 
IL-2 to provide a second signal (G1 ~ M) remain to be clarified mechanistically. 

Based on the collected data, the calcium-dependent mechanisms by which 
PHA activates membrane guanylate cyclase involve phospholipid methylation, AA 
release by a yet to be defined phospholipase, and AA conversion to HPETEs, 
HETEs, and leukotriene B4 • Based on indirect evidence, HPETEs are good can
didates for the proximal stimulants of guanylate cyclase. Evidence has been pre
sented that 5-HETE is a positive feedback regulator acting extracellularly on the 
same or different cells to further promote AA conversion to eicosanoids. Evidence 
supports a role for 15-HETE as a negative feedback regulator to inhibit eicosanoid 
formation and guanylate cyclase activation. A tentative transmembrane signal se
quence leading to cGMP formation can now be formulated. 
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Biochemical Cascade Involved 
in Mast Cell Activation for 
Mediator Release 

TERUKO ISHIZAKA 

1. INTRODUCTION 

47 

Mast cells and basophil granulocytes bear specific receptors for IgE, which bind 
IgE molecules with high affinity, and the reactions of cell-bound IgE antibodies 
with multivalent antigen initiate the release of a variety of preformed and newly 
generated mediators such as histamine and leukotrienes (Ishizaka and Ishizaka, 
1975). Mast cells also secrete these inflammatory mediators in response to various 
nonspecific stimuli. These mediators cause allergic disorders in both experimental 
animals and men. Among the various mast-cell-derived mediators, oxidative prod
ucts of arachidonic acid (AA) have drawn much attention in recent years. It has 
been shown that rat peritoneal mast cells and human lung mast cells, but not bone
marrow-derived mouse mast cells, generate prostaglandin D2 (PGD2) through the 
cyclooxygenase pathway. Conversely, mouse bone-marrow-derived mast cells, as 
well as human lung mast cells generate primarily leukotriene C4 (L TC4 ) through 
the Jipoxygenase pathway, but peritoneal mast cells do not (Lewis et at., 1981; 
Peters et at., 1984; Razin et at., 1983). Leukotrienes cause contraction of airway 
smooth muscles and are considered to be the most potent bronchoconstrictors in 
human asthma. 

Over the past several years, we have analyzed IgE-mediated triggering mech
anisms of mediator release in purified rat peritoneal mast cells. After human lung 
mast cells and cultured human basophils became available recently (Ishizaka et at., 
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1983; Ogawa et al., 1983), we extended our studies to human mast cells and the 
basophil system. This chapter reviews the biochemical cascade involved in trig
gering mast cells for mediator release. 

2. TRIGGERING SIGNALS OF IgE-DEPENDENT 
MEDIATOR RELEASE 

In order to analyze the immunologic mechanisms involved in the initial trig
gering vents in mast cells for IgE-mediated histamine release, we prepared rabbit 
antibodies against IgE receptors on rat mast cells (Ishizaka et al., 1977). Detailed 
analysis of membrane components bound to the antibody by SDS gel electrophoresis 
demonstrated that major antibodies in the preparation were antireceptor antibodies 
that were directed toward IgE binding sites in the receptor molecules (Conrad et 
al., 1978). Using this antireceptor antibody preparation, we demonstrated that 
bridging of IgE receptors on rat mast cells by divalent antireceptor antibody or its 
F(ab'h fragments induced a marked increase in 45Ca influx that was accompanied 
by histamine release, whereas the binding of Fab' monomer fragments with the 
receptor was not sufficient for triggering these reactions. However, when receptor
bound Fab' monomer was bridged by divalent antirabbit ,,(-globulin antibody, the 
mast cells were triggered for histamine release. This situation is similar to that of 
anti-IgE- or antigen-induced histamine release, in which receptor-bound IgE mol
ecules were bridged by anti-IgE or antigen. From these results, we concluded that 
bridging of receptor molecules is responsible for triggering mast cells for mediator 
release (Ishizaka and Ishizaka, 1978). 

In the IgE-mediated reactions, the IgE receptor serves as an anchor for a 
specific IgE antibody molecule. Once IgE antibody binds to the receptor with high 
affinity, cell-bound IgE molecules permit antigen to bridge adjacent receptor mol
ecules, which in tum initiates the process of histamine release. Since no immu
noglobulin other than IgE will bind to IgE receptors with high affinity, the triggering 
of histamine release through IgE receptors will be mediated only by IgE antibodies. 

3. STIMULATION OF METHYLTRANSFERASES AND 
ADENYLATE CYCLASE BY BRIDGING OF IgE RECEPTORS 

Since the bridging of IgE receptors induces a marked increase in 45Ca influx 
(Ishizaka et al., 1979), and Ca2+ influx is a prerequisite for mediator release, the 
possible participation of membrane-associated enzymes in Ca2 + influx was ex
plored. Our results revealed that the bridging of IgE receptors on mast cells results 
in the activation of both methyltransferases and adenylate cyclase (Ishizaka et al., 
1981). When purified normal rat mast cells were challenged with either F(ab'h or 
Fab' fragments of antireceptor antibodies, F(ab'h fragments of anti-RBL induced 
a marked increase in incorporation of eH]methyl groups into phospholipids and a 
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monophasic rise in intracellular cAMP. As shown in Fig. 1, both responses reached 
maximum 15 sec after the challenge. The phospholipid methylation is followed by 
an increase in 45Ca uptake and release of both histamine and arachidonates. The 
45Ca uptake reached a plateau at 2 min, and the maximum release of histamine and 
arachidonates was observed at 3 min. In contrast, the Fab' monomer of anti-RBL 
did not induce any of these reactions. 

It was also found that preincubation of purified mast cells with inhibitors of 
phospholipid methylation, such as 3-deazaadenosine together with L-homocysteine 
thiolactone, resulted not only in inhibition of phospholipid methylation but also in 
inhibition of all of biochemical events induced by receptor bridging. When the cells 
were preincubated with varying concentrations of 3-deazaadenosine plus 100 f-lM 
L-homocysteine thiolactone, phospholipid methylation, cAMP rise, 45Ca influx, and 
release of both histamine and arachidonates were inhibited in a similar dose-response 
fashion. These results suggest that phospholipid methylation induced by receptor 
bridging is involved in Ca2 + influx and mediator release. 

Subsequently, strong supporting evidence for the role of methyltransferases in 
IgE-mediated histamine release was provided by McGivney et al. (1981) using 
variants of rat basophilic leukemia (RBL) cells. They examined some histamine-
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FIGURE 1. Kinetics of [3H]methyl incorporation into phospholipids (e), 45Ca uptake (0), change 
in cAMP level (tt), and the release of both histamine (A) and ['4C]AA (6) in rat mast cells 
induced by bivalent anti,lgE. The same purified rat mast cells sensitized with IgE were used for 
all measurements. 
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releasing sublines ofRBL cells for the capacity to increase phospholipid methylation 
and Ca2+ influx and to release AA and histamine and then established a number 
of variants that are defective at different stages in the histamine-releasing process. 
As shown in Table I, two cloned sublines of RBL cells, i.e., Bl and B6, are 
deficient in one of methyltransferases, and they did not give IgE-mediated histamine 
release. When these two sublines were hybridized, however, some of the hybrids 
such as Al and BI restored two methyltransferases. These hybrid cells sensitized 
with IgE released histamine on challenge with anti-IgE. The results support the 
concept that methyltransferases are involved in the transduction of IgE-mediated 
triggering signals to the process of mediator release. 

Our recent studies have also shown that bridging of IgE receptors on human 
lung mast cells and cultured human basophils induced the activation of methyl
transferases and adenyl ate cyclase (Ishizaka et al., 1983). As shown in Fig. 2, 
challenge of purified human lung mast cells with F(ab')z fragments of anti-IgE 
resulted in a marked enhancement in phospholipid methylation and a monophasic 
rise in intracellular cAMP, which were followed by 45Ca influx and histamine 
release. Phospholipid methylation reached maximum 30 sec after the challenge, 
whereas the cAMP level reached maximum at 1 min. The 45Ca influx reached a 
plateau at 3 min, and the maximum histamine release was obtained within 5 to 8 
min. As expected, Fab monomer fragments of anti-IgE failed to induce these 
responses. As demonstrated in rat mast cells, purified human lung mast cells prein
cubated with [14C]AA released the radiolabeled AA on challenge with anti-IgE. 
The kinetics of the AA release was identical to that of histamine release. It was 
also found that preincubation of human lung mast cells or cultured basophils with 
inhibitors of phospholipid methylation resulted in inhibition of all of biochemical 
events induced by receptor bridging in an identical dose-response fashion. It appears 
that phospholipid methylation plays an essential role in the transduction of IgE
mediated triggering signals for mediator release in mast cells and basophils from 
both experimental animals and man. 

The biological significance of initial rise in cAMP induced by receptor bridging 
is not known. As demonstrated by Lewis et al. (1979) in rat mast cells, 10 J.LM 

TABLE I. Histamine Release and Phospholipid Methyltransferase Levels in the 
Parental and Hybrid Cell Lines 

Phospholipid methyltransferase Percent histamine release 
(pmol [3H]methionine/mg protein) mediated by 

Cell line II IgE lonophore 

2H3 1.71 ± 0.22 21.7 ± 1.9 65 72 
BI 0.13 ± 0.04 30.2 ± 3.2 0 54 
B6 1.04 ± 0.13 4.3 ± 1.3 0 46 
Hybrid Al 0.82 ± 0.07 20.5 ± 4.7 43 52 
Hybrid BI 0.70 ± 0.04 17.7 ± 5.0 24 30 



MAST CELL MEDIATOR RELEASE 491 

1 10 

'" ...J 
...J 4 4 4 0 
'" .. u 

1 I "'9 B 
.. i' l ' 9 '" w 

...J '" ~ 

3 3 ...J 30 <I 

~ 
II) '" ... 
...J U ...J 
...J 

"'9 
... 

Z '" 6 a: u 
0 

'" "' .... ... 
~ 9 ' 0 z 
a: 2 

"- 2 
M 

20 :::E 
0 ~ Anli-Ig E E <I 
a. C> .... 
a: C> 

F(ob')Z-
u II) 

0 ~ 
4 W :r u 

!: ::: Fob' -- -- " .... 
<I <I Z 

...J 
u .... W a. 10 u >- :> 

l:: 
0 

a: .... w 
w 2 "'u a. 
:::E " r-? -- - - -- ~------ ........ .., 

2 :} ~ B 10 
TI ME (m in) 

FIGURE 2. Kinetics of ["H)methyl incorporation (e), cAMP rise (0), "Ca uptake (.60), and his
tamine release (A) in human mast cells induced by either (F(ab')2 fragments or Fab' fragments 
of anti-lgE. Purified human lung mast cells were sensitized with IgE overnight and challenged 
with the fragments of anti-lgE. 

indomethacin, which completely inhibits prostaglandin synthesis, failed to inhibit 
the initial rise in cAMP induced by receptor bridging in both rat and human mast 
cells. The results indicate that the initial rise in cAMP is not caused by prostaglandin 
synthesis. Holgate et al. (1980) demonstrated that bridging of IgE molecules on 
rat mast cells resulted in an initial rise in cAMP, activation of cAMP-dependent 
protein kinase, and mediator release and speculated that an initial rise in cAMP 
may be an essential step in the histamine-releasing processes. 

4. POSSIBLE PARTICIPATION OF MEMBRANE
ASSOCIATED PROTEOLYTIC ENZYMES IN INITIAL MAST 
CELL ACTIVATION 

A question to be asked is whether methyltransferases are the first enzymes to 
be activated by receptor bridging or whether some other enzymes may be activated 
prior ot methy ltransferases. Earlier studies by Austen and Brocklehurst (1960), 
Becker and Austen (1966), and others strongly suggested the possible involvement 
of a membrane-associated proteolytic enzyme in the early stage of antigen-induced 
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histamine release from mast cells. In view of these findings, we explored the possible 
participation of a proteolytic enzyme in the activation of mast cells, and the results 
are summarized in Table II. When mast cells were challenged with either anti-IgE 
or antireceptor antibodies in the presence of an appropriate inhibitor of proteolytic 
enzymes, both phospholipid methylation and cAMP rise were inhibited. Diisopro
pylftuorophosphate (DFP), a potent inhibitor of serine esterases, inhibited both 
reactions, whereas diisopropylmethylphosphate (DMP), a nonphosphorylating an
alogue of DFP, had much less inhibitor effect. The effect of DFP was observed 
only when the inhibitor was present during the challenge. If the cells were first 
incubated with DFP, washed, and then challenged with the antibody in the absence 
of DFP, neither phospholipid methylation nor cAMP rise was inhibited. Further
more, the presence of substrates or inhibitors of chymotrypsin or trypsin during the 
challenge inhibited both phospholipid methylation and the initial rise in cAMP. 
These results were confirmed using isolated plasma membranes of rat mast cells 
(Ishizaka et al., 1981). It appears that a membrane-associated proteolytic enzyme 
is activated by receptor bridging, and a cleavage product formed by this enzyme 
may be involved in the activation of methyltransferases and adenylate cyclase. The 
putative proteolytic enzyme may be a key enzyme in the induction of initial trig
gering signals for mediator release. 

TABLE II. Effect of Protease Inhibitors on Phospholipid Methylation 
and cAMP Rise 

Protease substrates or inhibitors 

Diisopropylftuorophosphate (DFP) 
p-Nitrophenylethylpentylphosphonate 
Chymotrypsin substrate or inhibitor 

N-acetyl-DL-phenylalanine-j3-naphthyl ester 
Indole 

L-Tosylamide-2-phenylethylchloromethylketone (TPCK) 
Trypsin substrate or inhibitor 

p-Aminobenzamidine 
p-Nitrophenyl-P' -guanidinobenzoate (NPGB) 
Lima bean trypsin inhibitor 

Chymase substates 
HO-Suc-Phe-Pro-Phe-NA 
Suc-Ala-Ala-Pro-Phe-SBzL 

Carboxypeptidase inhibitors 
N-CBZ-glycyl-L-phenylalanine 
N-CBZ-glycyl-L-tryptophan 

Concentration (mM) for 50% 
inhibition of 

Phospholipid Initial rise 
methylation in cAMP 

0.1 0.1 
0.3 0.5 

0.2 0.3 
0.6 0.7 
0.8 0.6 

0.7 0.5 
0.4 0.5 
0.2 0.1 

0.5 0.5 
0.4 0.3 

>2.0 >2.0 
>2.0 >2.0 
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5. POSSIBLE ROLE OF PHOSPHOLIPID METHYLATION 
IN THE ACTIVATION OF A PHOSPHOLIPID
DIACYLGLYCEROL CYCLE 

493 

Bridging of IgE receptors on mast cells also induces alterations in phospholipid 
and diacylglycerol metabolism. Kennerly et al. (1979) observed that anti-IgE in
duced a selective 32p incorporation into phosphatidic acid (PA), phosphatidylinositol 
(PI), and phosphatidylcholine (PC) in early stages of mast cell activation. Further 
studies by Sullivan (1981) demonstrated that the activation of rat mast cells resulted 
in accumulation of 1,2-diacylglycerol (DAG) followed by the formation of mono
acyl glycerol (MAG) and free fatty acids. Since these products are surface active 
and promote membrane fusion, they suggested that DAG and MAG may induce 
degranulation and mediator release. 

We wondered if the activation of diacylglycerol cycle may be biochemically 
connected to the activation of methyltransferases. In order to analyze possible 
interrelationships between the two pathways, we studied the effect of inhibitors of 
phospholipid methylation on 32p incorporation into PA, PI, and PC. Thus, purified 
rat mast cells sensitized with IgE were incubated with various concentrations of 3-
deazaadenosine (ADO) together with 100 J.LM L-homocysteine thiolactone and then 
challenged with anti-IgE. Measurements of 32p incorporation into PA, PI, and PC 
and of phospholipid methylation in the same cells revealed that preincubation of 
rat mast cells with 3-deaza-ADO resulted in inhibition of both the incorporation of 
[3H]methyl groups into phospholipids and the selective incorporation of 32p into 
PA, PI, and PC in an identical dose-response fashion (Fig. 3). Another inhibitor 
of phospholipid methylation, 3-deaza-SIBA, gave identical results. 

In order to exclude the possibility that the inhibitors of phospholipid meth
ylation might have affected other enzymes involved in PI turnover, we examined 
whether the inhibition of 32p incorporation by 3-deaza-ADO could be reversed by 
the addition of the methyl donor, S-adenosyl-L-methionine (SAM). Thus, rat mast 
cells sensitized with anti-DNP IgE antibody were preincubated with 3-deaza-ADO 
together with L-homocysteine thiolactone and then challenged with DNP-HSA in 
the presence or absence of 5 mM SAM. It was found that the addition of 5 mM 
SAM to the system reversed the inhibition of 32p incorporation by 3-deaza-AOO, 
suggesting that accumulation of S-adenosyl-L-homocysteine or its analogues was 
responsible for the inhibition of 32p incorporation. More recent experiments carried 
out in collaboration with Dr. T. Sullvan have shown that inhibitors of phospholipid 
methylation inhibited not only 32p incorporation but also the formation of DAG. It 
was also found that inhibition of DAG formation by 3-deazaadenosine or 3-deaza
SIBA was reversed by the addition of S-adenosyl-L-methionine. 

Hirata and Axelrod (1978) demonstrated that the first methyltransferase meth
ylates phosphatidylethanolamine (PE) to form phosphatidyl-N-monomethylethan
olamine (PME) and the second methyltransferase adds two methyl groups succes-
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FIGURE 3. Inhibition of anti-lgE-induced [3Hlmethyl incorporation into phospholipids and 32p 
incorporation by 3-deazaadenosine (ADO). Purified rat mast cells sensitized with IgE were 
preincubated with various concentrations of 3-deaza-ADO togther with 100 fLM L-homocysteine 
thiolactone at 37"C for 1 hr and then challenged with anti-lgE. The 32p incorporation into PA, 
PI, and PC was analyzed after 10 min of incubation, whereas [3Hlmethyl incorporation into 
phospholipids was determined 15 sec after the challenge. 

sively to form phosphatidylcholine (PC). Thus, we asked whether the activation of 
both methyltransferases was required for stimulation of PI turnover. Since the first 
enzyme is Mg2 + dependent, purified rat mast cells were challenged in the presence 
of Mg2 + and EGT A or in the presence of Ca2 + and Mg2 + , and incorporation of 
both [3H]methyl groups and 32p into phospholipids was analyzed by thin-layer 
chromatography. 

The results are shown in Fig. 4. In the presence of both Ca2+ and Mg2+ , the 
two methyltransferases were activated to form PME, phosphatidyl-N ,N-dimethy
lethanolamine (PDE), and PC. In the presence of Mg2+ and EGTA, formation of 
PME was predominant, indicating that only the first methyltransferase was fully 
activated under this condition. However,32p incorporation into PA, PI, and PC was 
comparable in the two conditions. The results suggest that the activation of the first 
methyltransferase is sufficient for the activation of enzymes involved in PI turnover. 
Since accumulation of PME in the plasma membrane is known to reduce membrane 
viscosity and affect many membrane events, one may speculate that such changes 
in the plasma membrane may be responsible for the stimulation of a phospho
lipid-diacylglycerol cycle. Further studies indicated that inhibitors and substrates 
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was analyzed 15 sec after the challenge, and 32p incorporation III was measured at 10 min. 0: 

Either [3H]methyl incorporation or 32p incorporation in control cells that were not challenged with 
DNP-HSA. 

of proteolytic enzymes, which prevented phospholipid methylation, also inhibited 
32p incorporation into PA, PC, and PI. The concentrations of the inhibitors required 
for 50% inhibition of the J2p incorporation were comparable to that required for 
50% inhibition of phospholipid methylation. These results suggest that the activation 
of a proteolytic enzyme and methyltransferase I are involved in the activation of 
phospholipid diacylglycerol cycle. 
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Biochemical cascades involved in IgE-mediated activation of rat mast cells for 
mediator release are summarized in Fig. 5. Bridging of IgE receptors activates a 
membrane-associated putative proteolytic enzyme followed by activation of both 
methyitransferases and adenylate cyclase. Accumulation of monomethylated phos
pholipids in the plasma membrane by activation of methyltransferase I appears to 
be sufficient for stimulation of PI turnover. Once mast cells are activated through 
the biochemical pathways, lysophospholipid would be generated by the action of 
phospholipase A2 , and both DAG and MAG will be generated by action of phos
pholipase C and diacylglyceride lipase. Since these substances are powerful mem
brane fusogens, they may facilitate granule membrane fusion and mediator release. 
At the same time, free AA released through the two pathways will be metabolized 
to generate many biologically active lipid mediators such as prostaglandins and 
leukotrienes. 

BRIDGING OF IgE RECEPTORS 

IN MAST CELL MEMBRANE , 
PROTEOLYTIC ENZYMEIS) 

PHOSPHATIDYLETHANOLAMINE . 
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FIGURE 5. Biochemical cascade for IgE-dependent mediator release from mast cells. 
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5. BIOCHEMICAL EVENTS INVOLVED IN MEDIATOR RELEASE 
FROM MAST CELLS BY NONSPECIFIC STIMULI 

Mediator release from mast cells is induced not only by specific ligand-receptor 
interaction but also by various nonspecific stimuli. Among them, important ligands 
from the biological viewpoint are complement-derived peptides C5a and C3a, which 
are generated during inflammation. Biochemical cascades activated by complement
derived peptides C5a and C3a are similar to IgE-mediated activation in rat mast 
cells. As shown in Fig. 6, challenge of rat mast cells with anaphylatoxin C5a 
resulted in stimulation of phospholipid methylation and an increase in 45Ca uptake, 
which are followed by the release of histamine and arachidonate. As demonstrated 
in IgE-mediated activation, inhibitors of phospholipid methylation inhibited these 
biochemical events induced by the peptides, suggesting that phospholipid meth
ylation is involved in transduction of C5a- and C3a-induced triggering signals for 
mediator release. An interesting finding was that the C5a- and C3a-induced cAMP 
rise was much slower than that induced by bridging of IgE receptors . Furthermore, 
the cAMP rise by C5a and C3a was completely inhibited by the presence of 10 
j.LM indomethacin, indicating that the increase is the result of prostaglandin syn
thesis. Since indomethacin does not inhibit C5a-induced histamine release from rat 
mast cells, it appears that the increase in cAMP is not involved in C5a-induced 
histamine release. 

Compound 48/80 and Ca2 + ionophore A23187 also induce histamine release 
from rat mast cells. Unlike IgE-mediated or anaphylatoxin-mediated histamine 
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release, however, both compound 48/80 and Ca2 + ionophore failed to induce phos
pholipid methylation. These compounds directly induce mobilization of intracellular 
Ca2 + and Ca2 + influx, which are followed by mediator release. 

Our recent studies using quin-2 fluorescence demonstrated that phorbol 12-
myristate 13-acetate induces histamine release from rat mast cells without increasing 
intracellular Ca2 + (White et al., 1984). These results reflect the complexity of the 
activation processes for mediator release from mast cells. 
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Stimulation of Lymphocyte 
Guanylate Cyclase by 
Arachidonic Acid and HETEs 

RONALD G. COFFEY and JOHN W. HADDEN 

1. INTRODUCTION 

48 

Mitogen activation of human peripheral blood lymphocytes (HPBL) occurs as a 
consequence of several early membrane events. One of the earliest is the Ca2 + -

dependent stimulation of guanylate cyclase (Coffey et ai., 1981). Experiments with 
the T-cell mitogens phytohemagglutinin (PHA), concanavalin A (Con A), and 
phorbol myristate acetate (PMA) suggested that phospholipase and lipoxygenase 
activation are important in the sequence of early membrane events leading to guan
ylate cyclase stimulation, cGMP accumulation, and DNA synthesis (Coffey and 
Hadden, 1981 , 1983a,b). Cyclooxygenase (Coffey et ai., 1981) and thromboxane 
synthetase activities (Gordon et al., 1981) were not found to be essential for 
mitogenesis. 

The present experiments concern the effects of phospholipase A2 , arachidonate, 
and several forms of hydroxyeicosatetraenoic acid (HETE) on the stimulation of 
guanylate cyclase in HPBL. Experiments involving addition of these agonists di
rectly to cell homogenates, to separated membranes and soluble fractions, and to 
intact cells are described. An overview integrating the signals represented by cGMP, 
Ca2 +, and lipid metabolites in lymphocyte mitogenesis is presented by 1. W. 
Hadden, E. M. Hadden, and R. G. Coffey (this volume) and by Hadden et ai. 
(1979). 

RONALD G. COFFEY and JOHN W. HADDEN. Program of Immunopharmacology, University 
of South Florida Medical College, Tampa, Florida 33612. 

501 



502 RONALD G. COFFEY and JOHN W. HADDEN 

2. EFFECTS OF PHOSPHOLIPASE A2 

Our first experiment with phospholipase A2 and the products of its action, 
lysolecithin and arachidonate, was suggested by a literature well summarized by 
Haddox and Goldberg (1977). This literature showed that both phospholipase A2 
and archidonate could, when added to cells or broken cell systems, stimulate guan
ylate cyclase. Our results indicated that the same is true for HPBL (Coffey and 
Hadden, 1981), in which cell homogenate cyclases dependent on either Mg2+ or 
Mn2+ were notably stimulated by both substances. The maximum stimulatory 
concentration of arachidonate was 10-5 M; higher concentrations inhibited guanylate 
cyclase. The stimulation by both substances was markedly inhibited by 5,8,11,14-
eicosatetraynoic acid (ETYA), which blocks both cyclooxygenase and lipoxygenase 
pathways of arachidonate metabolism. On the other hand, it was not affected by 
indomethacin, which inhibits only the cyclooxygenase pathway. No significant 
stimulatory effects were produced by prostaglandins EJ or F2a (1-10 11M), or by 
phosphatidate, a product of phosphatidylinositol catabolism mediated by phospho
lipase C and diglyceride kinase activities. 

Phospholipase A2 from several sources (hog kidney, snake venoms) produced 
equivalent results when added to intact lymphocytes. The Vipera russelli enzyme 
(Sigma Chemical Co., St. Louis, MO) at 2.5 I1g/ml caused maximal activation of 
4.5- and threefold of the membrane and soluble Mg2 + -dependent guanylate cy
clases, respectively. Phospholipase inhibitors such as dibutyryl cAMP (0.5 mM) 
and dimethyl-DL-2,3-distearoyloxypropyl-2-hydroxyethylarnmonium acetate (DDPH) 
(0.1 mM) greatly reduced or prevented guanylate cyclase activation in both mem
brane and soluble fractions. Sulfhydryl oxidation is important in guanylate cyclase 
activation by mitogens (Coffey et ai., 1981) and by most other agonists (Goldberg 
et ai., 1978; Brandwein et at., 1981) and also by the events initiated with phos
pholipase A2: complete inhibition of activation was obtained with 2.5 mM di
thioerythritol. 5,8,1l,14-Eicosatetraynoic acid (lO 11M) inhibited, as it did with 
homogenates, whereas indomethacin (10 11M) and a thromboxane synthetase in
hibitor had no effect on phospholipase A2 activation of guanylate cyclase. These 
observations implicated lipoxygenase products of arachidonate in the activation of 
lymphocyte guanylate cyclase and, further, suggested that the arachidonate derived 
from phospholipase A2 activation. 

3. EFFECTS OF ARACHIDONATE 

Having established that arachidonate represents the probable phospholipase A2 
product that is involved in guanylate cyclase stimulation, we further explored its 
effects when added directly to subcellular fractions or when preincubated with intact 
HPBL followed by homogenization (Fig. 1). When added directly to membrane or 
soluble fractions of HPBL, arachidonate stimulated only the soluble form of the 
enzyme. This appeared reasonable since lipoxyygenases, already implicated in 
mediating arachidonate stimulation in the homogenate experiments, are considered 
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FIGURE 1. For the preincubation experiments, HPBL (10 x 106/ml) were incubated at 3rC in 
Hanks balanced salt solution for 30 min. Arachidonate (Sigma Chemical Co., SI. Louis, MO) 
was dissolved in dichloromethane and added to glass tubes and dried with a stream of nitrogen. 
Lymphocytes were transferred to these tubes, incubation was continued for another 10 min, 
and cells were centrifuged at 2000 rpm, 2 min, 4°C. They were resuspended in 50 mM HEPES
Na +, pH 7.5, 0.1 mM dithiothreitol, 0.1 mM EGTA (buffer A), homogenized, and the membrane 
and soluble fractions separated and assayed for Mg2+ (5 mM) -dependent guanylate cyclase 
activity as described earlier (Coffey et a/., 1981). For the direct addition experiments, fresh 
arachidonate solutions were pi petted to glass tubes, dried under N2, and previously separated 
HPBL membrane or soluble (48,000 x g, 60 min) fractions were added. After a 10-min incu
bation period, Mg2 T -GTP and other guanylate cyclase assay components were added, and the 
assay was conducted as described (Coffey et al., 1981). The preincubation experiment has 
been performed four times, and the direct addition experiment twice. A representative experiment 
involving both protocols with the same cells is shown. All points are means of duplicates, which 
differed by less than 10%. 

to be soluble enzymes. When added to intact cells, arachidonate stimulated only 
the membrane form of guanylate cyclase, with peak effects at 1 f-l-M. In broken 
cells, arachidonate effects were maximal at 10 f-l-M, suggesting a different mode 
of action. This suggestion was confirmed by inhibition studies described below. 

4. EFFECTS OF HETES AND HPETES 

Lipoxygenase activities vary according to cell type. Human leukocytes have 
several forms of lipoxygenase, producing 5-, 11-, 12-, and 15-hydroperoxyeico
satetraenoic acid (HPETE) (Goetz I , 1981; Parker et at., 1979). Such hydroperoxy 
derivatives of arachidonate were shown by Goldberg and colleagues (1978) to 
activate spleen cell guanylate cyclase by an oxidative mechanism. Monohydroxy 
compounds, lacking oxidative potential, were ineffective. Based on this information 
and on own own data (Coffey and Hadden, 1981; Coffey et ai., 1981) showing 
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inhibition by lipoxygenase inhibitors (ETY A and nordihydroguaiaretic acid, NDGA) 
of mitogen activation of guanylate cyclase, we postulated that HPETEs rather than 
HETEs were the proximal stimulants of guanylate cyclase. In apparent confirmation, 
we found only weak «60%) stimulation of guanylate cyclases in a series of four 
experiments involving direct addition of the 5-, 11-, 12-, and 15-HETEs (O.l-lO 
I-LM) to either membrane or soluble fractions of HPBL. 

Interestingly, in four experiments with intact cells, two- to sevenfold increases 
in membrane guanylate cyclase activity were observed following a lO-min incu
bation with 0.01 to 1.0 I-LM 5-HETE. No activation of soluble guanylate cyclase 
was seen. These responses resemble those of arachidonate, as seen in Table I. The 
effects of the other HETEs were similar but less marked: up to twofold stimulation 
was observed with 0.1-1 I-LM 12-HETE, and 2.5-fold with lO-20 I-LM 15-HETE 
in four experiments. 

Further similarities in the effects of 5-HETE and arachidonate to stimulate 
membrane guanylate cyclase in intact cells are evident from inhibition studies (Table 
II). Two phospholipase A2 inhibitors, P-bromophenacylbromide (PBPB) and quin
acrine, effectively prevented activation by both agonists. Lipoxygenase inhibitors 
ETYA and NDGA were also potent inhibitors. Indomethacin inhibits cyclooxy
genase completely at 1 I-LM, but effects of indomethacin on guanylate cyclase 
activation were observed only at lO I-LM, a concentration capable of affecting 
phospholipase. We tentatively conclude that 5-HETE and archidonate, like PHA, 
act on lymphocyte surface receptors to activate phospholipase, arachidonate release, 
and arachidonate metabolism intracellularly by lipoxygenase to from a HPETE, 
which then functions by an oxidative mechanism to stimulate membrane guanylate 
cyclase. This type of transmembrane signal may mediate the effects of cholinergic 
and other agonists that activate guanylate cyclase by oxygen- and Ca2 + -dependent 
pathways (Craven and DeRubertis, 1982; White et ai., 1982; Vesin et ai., 1984). 

Although 15-HETE can, at high levels, stimulate guanylate cyclase, it is more 
significantly a selective inhibitor of 5- and 12-lipoxygenases (Bailey et ai., 1982; 
Vanderhoek et al., 1982). It does not inhibit 11- or 15-lipoxygenases or cyclo
oxygenase. It has been successfully employed to inhibit mitogen activation of mouse 
spleen cells (Bailey et ai., 1982) and is considered an immunosuppressant (Aldiger 

TABLE I. Pretreatment of Lymphocytesa 

Guanylate cyclase 
(ratio to control) 

Cellular 
Membrane Soluble cGMP 

5-HETE, 0.01 fJ-M 2.1 1.1 1.3 
0.1 fJ-M 4.6 0.8 1.5 
1.0 fJ-M 7.0 0.8 2.1 

Arachidonate, 1.0 fJ-M 5.0 0.8 1.5 

" Guanylate cyclases were assayed in membrane and soluble fractions following incubation of intact 
cells with agonists for 10 min at 37°C. as described (Coffey el al .. 1981). Cyclic GMP levels were 
determined by radioimmunoassay following the three-column purification procedure (Coffey and 
Hadden, 1983b). 
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TABLE II. Inhibition of 5-HETE or Arachidonate Stimulation of Guanylate CyclaseB 

Inhibitor 

PBPB, 10 fLM 
QUIN, 10 fLM 
INDO, 10 fLM 
ETYA, 1 fLM 
NDGA.1O fLM 

5-HETE 

90 ± 9 (3) 
79 ± 20 (2) 
63 ± 31 (3) 

100 (I) 

81 ± 15 (6) 

Percent inhibition 

Arachidonate 

84 (I) 

68 (I) 

55 (I) 

90 (I) 

76 (I) 

a The HPBL were pretreated 10 mIn with inhibItor. then 10 min with 0.1 ILM HETE or I ILM arachldonate. Membrane 
Mgh -guanylate cyclase was assayed as descnbed for FIg. I Effective concentrations of InhibItors are shown. In 
the case ofETY A. less InhIbItIon was calculated at higher concentrations. where this substance is capable of stimulating 
activity alone Data represent means 0:: S.D. for the number of experiments in parentheses. QUIN. quinacrine 
(Mepacnne'); INDO, Indomethacin 

et ai" 1984). We therefore tested the ability of 1 j.LM 15-HETE, incubated with 
lymphocytes for 10 min, to prevent guanylate cyclase activation by a range of 
concentrations of 5-HETE. The results of two experiments (Fig. 2) show complete 
inhibition by 5-HETE at 10-8 M and lesser inhibition at 10-7 to 10-6 M 5-HETE. 
The cation used to support guanylate cyclase activity in the assay did not affect the 
results. These data support the suggestion that 5- or 12-lipoxygenase activation by 
5-HETE mediates the stimulation of guanylate cyclase. 

15-Hydroxyeicosatetraenoic acid was also found to greatly reduce the stimu
lation of membrane guanylate cyclase when intact HPBL were incubated with 
mitogenic concentrations of PHA and PMA (Fig. 3). The inhibition was dose 
dependent and approached 100% for the Mg2+ -dependent guanylate cyclase when 
10 j.LM 15-HETE was added. Lesser effects were seen with the Mn2+ -dependent 
enzyme. 

Phytohemagglutinin stimulates primarily membrane guanylate cyclase, whereas 
PMA activates predominantly the soluble form of the enzyme (Coffey and Hadden, 
1983a,b). Neither mitogen has significant effects if added directly to membrane or 
soluble fractions. Both mitogens stimulate guanylate cyclase and DNA synthesis 
in a Ca2 + -dependent fashion that is prevented by the phospholipase inhibitor quin
acrine and the lipoxygenase inhibitor NDGA. However, PMA stimulation of guan
ylate cyclase is not inhibited by PBPB or ETYA, whereas PHA's effects are pre
vented by these well-recognized inhibitors of phospholipase and lipoxygenase, 
respectively, These differences and the reduced effectiveness of 15-HETE to block 
the activation of soluble guanylate cyclase by PMA indicate that the two mitogens 
employ similar but not identical pathways of lipid metabolism to accomplish the 
increase in lymphocyte cGMP levels. Novogrodsky et al. (1982) provided evidence 
linking hydroxyl radical formation to lymphocyte guanylate cyclase stimulation by 
PMA. The stimulation of soluble guanylate cyclase by either direct addition of 
arachidonate or by preincubation with PMA is significantly inhibited by 15-HETE 
but not by ETYA. The possibility therefore exists that arachidonate can be released 
from more than one lipid source by different mitogens and can be oxidized by 
severallipoxygenases with differing sensitivities to inhibitors. One or more oxidized 
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FIGURE 2. The HPBL were preincubated as described for Fig. 1 for 10 min with 15-HETE (1 
/LM) and then transferred to tubes containing the designated amounts of 5-HETE. Following a 
further 10-min, 3JOC incubation, cells were centrifuged, and membrane guanylate cyclase was 
prepared and assayed as described for Fig. 1. The assay was conducted in the presence of 
either 5 mM Ca2+, 5 mM Mg2+, or 2 mM Mn2+. The means of two experiments, ± S.D., are 
shown. Relative specific activities of HPBL guanylate cyclase are greater, with 
Mn2+ > Mg2+ > Ca2+, yet similar inhibition of activation suggests a common enzyme activity 
expressed to varying degrees according to the divalent metal. 

species of arachidonate may then interact with sulfhydryl or other oxidizable groups 
on guanylate cyclase, resulting in enhanced levels of the cGMP signal. 

5. CONCLUSIONS 

The experiments with human lymphocytes relate the initial effects of exoge
nously added phospholipase A2 or arachidonate to those of mitogens in terms of 
guanylate cyclase activation. In all cases, the activation is dependent on a sequence 
of lipid metabolic steps requiring Ca2 + and oxygen and involving phospholipase 
activation, arachidonate release, and its metabolism via one or more lipoxygenase 
enzymes. The HPETEs so formed may serve as the proximal stimulants of guanylate 
cyclase. 

When added to intact lymphocytes, arachidonate stimulates only the mem
brane-bound guanylate cyclase. The HETEs, formed by reduction of HPETEs, also 
stimulate membrane guanylate cyclase in a way that requires intact cells and both 
phospholipase and lipoxygenase activities. 
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FIGURE 3. Effects of 15-HETE preincubation to inhibit the stimulation of guanylate cyclase by 
the mitogens PHA (A) and PMA (B) are shown as a function of 15-HETE concentration. Since 
some stimulation of guanylate cyclase by 15-HETE occurs, as discussed in the text, the per
centage inhibition was calculated as 100 {1 - [(AI - I)/(A - C)]} where A is agonist, I is inhibitor, 
C is control, and AI is agonist plus inhibitor. Three experiments are represented in each of A 
and B, and error terms represent S.D. Absence of error terms indicates only one experiment. 
The Ca2+-dependent guanylate cyclase, not shown, was inhibited in a manner resembling that 
of the Mn2+ -dependent enzyme. 

The effects of mitogens on broken cell systems are negligible. In contrast, 
HETEs and archidonate can, at high concentrations, modestly stimulate the soluble 
form of guanylate cyclase. This action is not inhibited by ETYA but is prevented 
by 15-HETE, a unique inhibitor specific for 5- and 12-lipoxygenases. 

The effects of PMA, a tumor promoter and a mitogen for a subset of human 
T lymphocytes, differ from those of other T cell mitogens in several respects 
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including the pattern of inhibition of guanylate cyclase stimulation. Although com
plex, the results with PMA are consistent with those of other mitogens in that Ca2 + -

dependent phospholipases and lipoxygenases mediate both the activation of guan
ylate cyclase and DNA synthesis. The results with PMA differ somewhat from 
those with PHA in the subcellular form of guanylate cyclase being stimulated and 
in the nature of both the phospholipase and the lipoxygenase activities catalyzing 
the lipid changes that precede guanylate cyclase activation. Further studies are 
required to learn whether these different activities occur in different cell types or 
whether they represent different receptor responses within the same cell. 
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Release of Leukotrienes 84 and 
D4 by the Anaphylactic Guinea 
Pig Lung in Vitro 

HASSAN SALARI, PIERRE BORGEAT, 
PIERRE BRAQUET, YVON BROUSSEAU, 
and PIERRE SIROIS 

1. INTRODUCTION 

The lung possesses several enzymic systems for the metabolism of arachidonic acid 
(Samuelsson et ai., 1975; Hammarstrom, 1983). Among these, the 5-lipoxygenase 
has recently received considerable attention since some of its products, the leu
kotrienes (LTs), may play critical roles in inflammation (Samuelsson, 1982; Lewis 
and Austen, 1981) and immediate hypersensitivity reactions (Holroyde et al., 1981; 
Dahlen et al., 1980). Indeed, leukotriene B4 (L TB4) was shown to be a potent 
chemotactic substance towards polymorphonuclear leukocytes (PMNL) (Ford
Hutchison et al., 1980), and leukotrienes C4 (LTC4), D4 (LTD4), and E4 (LTE4) 
were found to have strong myotropic activity on smooth muscles of the respiratory 
tract (Drazen et al., 1980; Hedqvist et al., 1980; Lewis et al., 1980). 

The formation of a slow-reacting substance during the anaphylactic reaction 
in perfused guinea pig lung was first reported in 1940 and later in 1960 (Kellaway 
and Trethewie, 1940; Brocklehurst, 1960). The chemical structure of slow-reacting 
substances as peptidolipids derived from arachidonic acid, i.e., LTC4 and LTD4, 
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was first reported by Murphy et ai. (1979) and by Morris et ai. (I 980b). Since 
then, LTs have been detected in many experimental models of immediate-type 
hypersensitivity (Weichman et ai., 1982; Hansson et ai., 1983; Morris et ai., 1980a; 
Fleisch et ai., 1982). Most of these studies were carried out using bioassays or 
radioimmunoassays of L Ts; in the present study, using reversed-phase high-per
formance liquid chromatography (RP-HPLC), we provide quantitative data on the 
5-lipoxygenase products released by the anaphylactic guinea pig lung in vitro. 

2. METHODS 

2.1. Sensitization of Guinea Pigs and Antigen Challenge in Vitro 

Guinea pigs of both sexes, weighing approximately 300-400 g, were sensitized 
to ovalbumin (grade II, Sigma Chemical Company, St. Louis, MO) by injection 
of a solution of the protein (100 mg s.c. and 100 mg i.p.). One week later, the 
animals were given another dose of ovalbumin (10 mg i.p.). After 2 weeks, the 
animals were killed by cervical dislocation, and the lungs were excised and washed 
with Krebs-bicarbonate through the pulmonary artery (10 mllmin, 10 min). The 
lungs were first perfused with Krebs-bicarbonate solution for 30 min and then with 
the same solution containing 100 f.Lg/ml of ovalbumin for an additional 30 min at 
the flow rate of 2 mllmin (Engineer et al., 1978). The perfusates were collected 
on dry ice and analyzed by RP-HPLC within the next 10 days. 

2.2. Reverse-Phase High-Performance Liquid Chromatography 

Samples of 60 ml, corresponding to 30 min of perfusion, were thawed, im
mediately mixed with 12 ml of isopropanol, and 300 ng of prostaglandin B2 (PGB2) 
was added as internal standard. The pH of the samples was lowered to 5.5 using 
dilute H3P04 , and the samples were heated to 90-100°C over 10 min. The samples 
were centrifuged to eliminate the precipitate, the supernatants were evaporated to 
dryness under reduced pressure, and the dry residue was recovered by rinsing the 
flask with 1 ml of water, 2 ml of methanol, and 1 ml of water successively. The 
samples were centrifuged again to remove any insoluble material, acidified to pH 
3 with dilute H3P04 , and analyzed by RP-HPLC (details of these procedures will 
be reported separately). The RP-HPLC was performed using a Radial-Pak cartridge 
(CI8, 100 x 8 mm i.d., 1O-f.Lm particle size) from Waters Associates. Analysis 
was performed using the three-solvent HPLC system already described (Borgeat et 
al., 1984). The metabolites of 5-lipoxygenase were detected by UV photometry at 
280 nm, and their quantities were determined by comparison of the peak areas with 
that of the internal standard (PGB2) and correction for differences in molar extinction 
coefficients. 
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FIGURE 1. Reverse-phase HPLC chromatogram of synthetic leukotrienes (L Ts, 100 ng each; 
PGB2 , 150 ng). The compounds were added to a biological sample free of detectable amount 
of L Ts (a 30-min perfusate collected from an unsensitized unchallenged guinea pig lung) that 
was concentrated to a volume of 4 ml for analysis by RP-HPLC as described in Section 2.2. 
The traces show the UV absorbances at 280 nm and 229 nm. Attenuation settings were 0.05 
and 0.02 absorbance units full scale at 229 and 280 nm, respectively. 

3. RESULTS 

In this study, we used RP-HPLC for the profiling of 5-lipoxygenase products 
in guinea pig lung perfusates collected before and during anaphylactic reactions. 
As shown in Fig. I, the method of analysis used permitted the separation of the 
peptido-LTs, LTC4, D4, and E4, as well as LTB4 and PGB2 • Figure 2 shows the 
analysis of a 30-min perfusate of a sensitized guinea pig lung prior to antigen 
challenge (control). None of the above-mentioned products (except PGB2 , internal 
standard) were detectable in this sample. However, when the lungs were challenged 
with ovalbumin, two compounds were detected in the perfusates (Fig. 3). On the 
basis of their chromatographic properties and UV absorption at 280 nm, they were 
identified as LTB4 and LTD4 (the absorption traces at 229 and 280 nm demonstrate 
the specificity of the detection of L Ts at 280 nm). In addition, the identity of LTB4 
was confirmed by GC-MS analysis, and the presence of LTD4-like myotropic 
activity in the perfusate was previously demonstrated by bioassay on the guinea 
pig ileum (data not shown). Although the amounts of leukotrienes detected in 
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different anaphylactic lung perfusates were quite variable, the average release of 
LTB4 and LTD4 was 50-150 pmol/lung and IS-50 pmol/lung, respectively, during 
a 30-min challenge. Time-course studies (data not shown) indicated that under the 
experimental conditions used, the release of LTD4 and B4 was virtually completed 
20 min after the beginning of antigen challenge. 

The presence of 5-HETE could not be ascertained in any experiment, although 
small absorption peaks (229 nm) were observed at the proper retention time. Leu
kotriene C4 and LTE4 were occasionally detected in perfusates of anaphylatic lungs, 
but LTD4 was always the major peptido-LT observed. The products of the w
oxidation of LTB4 (w-hydroxy-LTB4 and w-carboxy-LTB4) were not present in 
detectable amounts in any of the perfusates analyzed. 

4. DISCUSSION 

The originality of the present study lies in the methodology used for the analysis 
of 5-lipoxygenase products in guinea pig lung perfusates. Indeed, we used a phys
icochemical method of analysis as opposed to the biological or radioimmunologic 
assays most frequently used so far in this type of investigation. This RP-HPLC 
method is remarkably simple in regard to sample preparation, which requires only 
heat denaturation, centrifugation, and concentration of the sample before injection 
(4 ml) on the column. This methodology provided a reliable analysis and also 
brought about the possibility of profiling the various components of the sample. 

The analysis of 5-lipoxygenase products in unfractionated and concentrated 
lung perfusates was made possible by the relatively low level of contaminants in 
the perfusates and by the high degree of specificity for the detection of L Ts provided 
by dual-wavelength UV photometry (229 and 280 nm) and the solvent system used 
(Borgeat et al., 1984), which resolves the peptido-LTs from all other known de
rivatives of arachidonic acid. 

In fact, the only purification step applied to the samples was a lO-min heating 
to destroy enzymatic activities and eliminate part of the proteins (which otherwise 
precipitate and clog the HPLC column). This procedure (heating) did not cause 
detectable loss of HETEs or LTB4, C4, D4, and E4 (to be discussed in detail 
elsewhere) . 

In this preliminary investigation, we have shown that LTB4 is the major LT 
released by the guinea pig lung during antigen challenge in vitro and that LTD4 
was released in two to three times smaller amounts than LTB4. These data are in 
agreement with those of Morris et al. (1979), who reported the presence of LTD4 
and L TB4 in guinea pig lung perfusates under similar experimental conditions using 
mass spectrometry. Our data bring further support to the role of LTs in the bron
choconstriction and pulmonary PMNL accumulation associated with hypersensitiv
ity reactions. Further studies involving the same methodology are in progress on 
the release of 5-lipoxygenase products by guinea pig and human lungs. 
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5. SUMMARY 

We studied the synthesis and release of leukotrienes by guinea pig lungs on 
antigen challenge. Lungs of ovalbumin-sensitized animals were washed free of 
blood and perfused with a solution of the protein to induce an anaphylactic reaction. 
Analysis of lung perfusates by reverse-phase high-performance liquid chromatog
raphy showed the presence of 5S,I2R-dihydroxy-6,8, 10, 14-(Z,E,E,Z)-eicosatetrae
noic acid (L TB4) and 5S, 6R -cysteinylglycine-7 ,9,11, 14-(E ,E,Z,Z)-eicosatetraenoic 
acid (LTD4). Anaphylactic lungs synthesized two to three times more LTB4 than 
LTD4 as measured by comparison of absorption peak areas on chromatograms. The 
amounts of leukotrienes synthesized by sensitized lungs on antigen challenge were 
15-50 pmol ofLTD4 and 50-150 pmol of LTB4; LTC4 and LTE4 were occasionally 
observed as trace components only. Leukotrienes were not detectable in the perfusate 
of sensitized lungs prior to antigen challenge. The liquid chromatographic method 
of analysis used did not require prior extraction, fractionation, or derivatization of 
the sample and provided a direct measurement of the relative amounts of the various 
LTs released by anaphylactic guinea pig lungs in vitro. 
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Mechanisms Involved in the 
Mediation of Contractions of 
Airway Smooth Muscle to 
Arachidonate Metabolites and 
Other Spasmogens 

T. R. JONES and D. DENIS 

1. INTRODUCTION 

50 

Airway smooth muscle (ASM) contractility, like that of other smooth muscle types, 
is dependent on the level of free intracellular Ca2+, which is precisely regulated 
by the supply of ionized Ca2 + made available from intra- and extracellular pools 
(Filo et al .. 1965; Solmyo and Solmyo, 1968; Bolton, 1979). Membrane-potential
dependent and -independent mechanisms are involved in Ca2 + regulation in response 
to receptor stimulation by a variety of neural, humoral, and myogenic stimuli 
(Kirkpatrick et al., 1975; Coburn and Yamaguchi, 1977; Farley and Miles, 1977; 
Bolton, 1979). These collectively serve to control smooth muscle contractility and 
also may influence the underlying state of tissue reactivity. Of particular importance 
in lung physiology and pathophysiology are the potent bronchoactive substances, 
namely, prostaglandins, endoperoxides, thromboxanes (Samuelsson et at., 1978), 
and, more recently, leukotrienes (Samuelsson et al., 1981). The exquisite sensitivity 
of respiratory tissue to eicosanoids and in particular the sulfidoleukotrienes is well 
recognized (Hedquist et al., 1980; Drazen et al., 1980; Piper et al., 1981; Jones 
et at., 1982a). However, little information is available on their precise mechanism 
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of action, their receptors, or the specific Ca2 + pools required for full expression 
of their biological activity in the lung. 

In the present study these contractile mechanisms were systematically inves
tigated in guinea pig tracheal smooth muscle. Specifically, we determined the effects 
of Ca2 + -entry blockers and/or extracellular Ca2 + depletion on contractions induced 
by exogenously applied prostaglandins and leukotrienes and by endogenously re
leased (antigen- and Ca2+ -ionophore-stimulated) arachidonate metabolites. For 
comparative evaluation of mechanisms, the effects of the above maneuvers were 
also determined against a number of biogenic mediators (histamine, acetylcholine) 
and a pharmacological stimulus (elevated K +). 

2. METHODS AND MATERIALS 

Normal (unsensitized) and sensitized* adult male albino Hartley strain guinea 
pigs (350-450 g) were used as a tissue source in all experiments. Tracheal chains 
were prepared for isometric recording as described previously (Jones et at., 1982b). 
Tissues were placed under a I-g load, allowed to equilibrate 30-60 min, and then 
were primed two or three times with a maximal concentration of histamine (9 x 10-5 

M). Most experiments were carried out in the presence of 1.4 x 10-6 M indo
methacin in order to remove intrinsic tracheal tone. After this procedure, complete 
cumulative concentration-response curves to LT04 , LTC4 , PGF2,,, a prostaglandin 
endoperoxide analogue (U-44069); acetylcholine (ACh), and histamine (HIST) were 
obtained before and/or after pretreatment of the tissue with 10 j..Lg/ml nifedipine, 
verapamil, or 0-600. The Ca2 + -entry blockers were also examined against peak 
contractile responses to K + and Ca2 + ionophore A23187 (3 j..Lg/ml) on trachea from 
normal guinea pigs and specific antigen (0.1 j..Lg/ml egg albumin) on trachea from 
sensitized guinea pigs. 

The effects of removal of extracellular Ca2 + by placing the tissue in Ca2 + -

free Krebs' solution with or without 0.125 mM EGTA for varying times (15-45 
min) were also examined on the responses to the above-mentioned stimuli. Before 
exposure to Ca2 + -free Krebs' solution, all tissues were allowed to recover and/or 
equilibrate in normal Krebs' solution (2.5 mM Ca2+). 

3. RESULTS 

The Ca2+ -entry blockers (nifedipine > 0-600) produced a rightward shift of 
the concentration response curves to all agonists and depressed the maximum re
sponse (Table I). Similar results were obtained in eight experiments with 3 x 10-5 

M verapamil (data not included in Table I). The rank order of susceptibility to 

* 0.5 milliliters of a solution containing egg albumin (10 ILgiml) and AI(OHh (100 ILgiml) dissolved 
in saline was given as an intraperitoneal injection no less than 14 days before sacrifice. 
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TABLE I. Effect of Ca2 +-Entry Blockers on Contraction of Guinea Pig Trachea to 
Different Spasmogens 

Treatmentd 

Nifedipine D-600 
(3 x 10-5 M) (2 x 10-5 M) 

Agonist pD211 D.R.b % Max.'" D.R. % Max. 

LTD. 8.6 :+: 0.1 9.0 71 :+: 5 4.0 83 :+: 4 
(11 = 10) 

LTC4 8.5 :+: 0.1 80 73 :+: 3 5.1 81 :+: 7 
(11 = 10) 

U-44069 7.9 :+: 0.2 18.9 66 :+: 8 6.0 69 :+: 8 
(11 = 8) 

PGF2a 6.5 :+: 0.1 11.0 64 :+: 5 4.0 84 :+: 6 
(11 = 7) 

HIST 5.3 :+: 0.1 3.1 76 :+: 3 4.7 80 :+: 7 
(11 = 7) 

K- (80 mM) 0-5 o :+: 10 
(11 = 6) 

a pD, is negative log of the concentration producing 50% of the maximum response (ECso) to each agonist. 
b D.R. IS dose ratio from EC50 In presence of antagonist to ECso of control. 
( o/c Max IS percentage of maximum relative to control maximum of 100%. 
d Indomethacin (1.4 x 10-" M) and atropine (1.0 x 10-" M) were present in all experiments. 

Ca2 + -entry blockage was K + P PGF2a > U-44069 > LT04 p LTC4 > HIST 
> acetylcholine. Nifedipine and 0-600 produced only a small two- to three-fold 
shift to the right of the concentration-response curve to acetylcholine and a 10-20% 
depression of the maximum. The Ca2 + -entry blockers inhibited a small (10-30%) 
component of the response to 0.1 fLg/ml antigen and 3 fLg/ml A-23187 in normal 
(2.5 mM Ca2+) Krebs'. 

Exposure of the tissues to Ca2+ -free Krebs' solution with 0.125 mM EGTA 
for 15 min dramatically reduced the contractile activity to leukotriene 
E4 = F4 > C4 > 0 4 P U-44069 P PGF2a p HIST P Ach (Figs. 1, 2). Increas
ing the duration in Ca2 + -free Krebs' solution to 30 or 45 min virtually abolished 
the contractile activity to all agonists. Similar results were obtained with depolarizing 
concentrations of K + (80 mM) (Fig. 3) in the presence and absence of indomethacin. 
In the absence of EGT A, a significant contractile response could still be elicited 
with ACh > HIST p K + > L T04 > L TC4 even after a 45-min exposure to Ca2 + -

free Krebs' solution. Under these conditions, residual contractions to all agonists 
were reversed by 0.1-1 fLg/ml nifedipine. 

After a 45-min exposure to Ca2 + -free Krebs' (no EGTA), the response to 
A23187 was virtually abolished «5%), whereas a significant contraction (24 ± 7%) 
to specific antigen could still be elicited. Following a shorter exposure time to Ca2 +

free Krebs' (15 min) with or without EGT A, a significantly larger contractile 
response (61 %) could still be elicited with antigen but not with the Ca2 + ionophore. 
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FIGURE 1. Concentration-response curves to LTC4 (A), LTD4 (8), LTE4 (C), and L TF4 (D) 
obtained on guinea pig trachea in normal (2.5 mM Ca2 +) Krebs' solution (e), in Ca2 +·free Krebs' 
solution (45 min) without EGTA (_), and in Ca2+·free Krebs' solution with 0.1 mM EGTA for 15 
(0), 30 (x), and 45 (a) min. All studies were carried out in the presence of 1.4 x 1~ M 
indomethacin. 
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FIGURE 2. Concentration-response curves to PGF2a (A), U-44069 (8), histamine (C), and ACh 
(D) obtained on guinea pig trachea in normal (2.5 mM Ca2 +) Krebs' solution (e), in Ca2 + -free 
Krebs' solution (45 min) without EGTA (-), in Ca2 +-free Krebs' solution with 0.1 mM EGTA for 
15 (0). 30 (x), and 45 (A) min. All studies were carried out in the presence of 1.4 x 1 ~ M 
indomethacin. 
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FIGURE 3. Contraction of guinea pig trachea to 80 mM K+ in normal (2.5 mM Ca2 +) Krebs' 
solution (control) and after exposure of the tissues to Ca2 +-free Krebs' solution with or without 
EGTA for 15. 30, or 45 min. The results with nifedipine (1.0 jLg/ml) were obtained in normal 
Krebs' solution. 

Additional studies were carried out with leukotriene D4 (a single response to 100 
ng/ml) and antigen in which the effects of FPL-55712 or nifedipine were examined 

on the residual contraction to these stimuli after 15 min in Ca2 + -free Krebs' with 
EGTA. Results obtained are summarized in Table II. Under these conditions, the 
residual response to LTD4 in Ca2+ -free Krebs' was somewhat larger than that 
observed when the leukotriene was added by cumulative addition (22% versus 37%). 
The residual responses to both LTD4 and antigen were blocked by nifedipine but 
were only slightly decreased by pretreatment with FPL-55712. 

TABLE II. Studies in Ca2 +-Free Krebs' Solution (0.125 mM EGTA)B 

Percentage histamine maximum ± S.E.M. 

Ca2+ -free Ca2+ -free 

+ 0.1 jLglml + 1.0 jLglml 
Agonist Control Ca2 + -freeb nifedipine FPL-55712 

LTD. 74 ± 2 37 ± 7' 12 ± 2 30 ± 2 
(100 nglml) (n = 12) (n = 4) (n = 3) (n = 3) 

Antigen SO ± 6 61 ± 7 S ± 2 39 ± ISd 

(0.1 jLglml) (n = 10) (n = 3) (n = 3) (n = 2) 

• Indomethacin (1.4 x I ~ M) was present in all experiments. 
• All tissues exposed to Ca2+·free Krebs' with 0.125 mM EGTA for 15 min before challenge. 
'Residual response to a single high dose of LTD. (100 nglml) under these conditions was significantly larger than 

that observed following cumulative addition of LTD. (See Fig. IA). 
d Response after mepytamine (I !,-glml) and FPL·557 I 2 (I !,-glmI) in combination was 34 ± 10%. 
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4. DISCUSSION 

The present study has demonstrated that a major component of the contractile 
response to the leukotrienes. PGF2,o and U-44069 was dependent on a store of 
Ca2 + that was readily depleted by exposing the tissue to Ca2 + -free EGTA medium. 
Although different receptors are involved in mediating contraction of airway smooth 
muscle to leukotrienes versus prostaglandins, the similarity in requirement for ex
tracellular Ca2 + suggests some similarity in mechanism of action. In contrast, 
histamine and in particular acetylcholine required longer exposure times in Ca2 + -

free Krebs' in order to eliminate their contractile activity. These findings are con
sistent with previous reports (Farley and Miles, 1977; Creese and Denborough, 
1981). The commonly held interpretation of such findings is that acetylcholine and 
to a lesser extent histamine can use intracellular Ca2 + for initiation of their con
tractile response. Consistent with these observations is the relative inactivity of the 
Ca2 + -entry blockers against contractions induced by these agonists. 

Despite the apparent dependence of leukotrienes and prostaglandins on extra
cellular Ca2 + for their contractile activity, only a component of the overall response 
in normal Krebs' (2.5 mM Ca2 +) was blocked by the Ca2+ -entry blockers. The 
degree of antagonism with these entry blockers is less than would be predicted from 
results obtained in Ca2 + -free Krebs'. These findings suggest that multiple modes 
of entry exist for extracellular Ca2 + in this tissue. One mechanism would appear 
to involve Cal + entry through channels that may be similar to those activated by 
K + and that are blocked by low doses of the Ca2 + entry blockers (Coburn and 
Yamaguchi, 1977; Bolton, 1979; Golenhofen, 1981). The other mechanism could 
involve entry of Cal + through channels (possibly specific receptor-operated chan
nels-see Bolton, 1979) that, at least in Krebs' solution containing 2.5 mM Ca2 +, 

are less susceptible to blockade by the calcium antagonists used in the present study. 
A major component of the response to leukotrienes and prostanoids would 

appear to be dependent on superficial extracellular Cal + stores since the response 
can be reduced by simple omission of Cal + from the Krebs' solution. Superficial 
extracellular Cal + does not appear to playas large a role in the mediation of 
response to histamine and acetylcholine. Differences between acetylcholine and 
histamine on one hand and leukotrienes on the other could be related to differences 
in receptor-mediated release of internal Ca2 + (Farley and Miles, 1977; Creese and 
Denborough, 1981) or, alternatively, could reflect a greater capability of the former 
agonists to mobilize a more tightly bound membr,me store of Ca2+ that can be 
depleted only in the presence of EGTA (Jones et al., 1984). Support for the latter 
hypothesis comes from the present observations that contractions to all spasmogens 
including histamine and acetylcholine were almost completely abolished if the 
various agonists were tested in Ca2 + -free medium containing EGT A. However, 
longer exposure times were required in order to eliminate contractile responses to 
histamine and, in particular, acetylcholine, so it is possible that such treatment 
depleted an intracellular store (Keatinge, 1972; Weichman et al., 1983). 
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Also consistent with the hypothesis that some extracellular Ca2+ is very tightly 
bound are the observations that the contractile activity of K + , which promotes entry 
of extracellular Ca2 + through channels that are blocked by nifedipine and D-600, 
still persists after simple omission of Ca2 + . A significant component of the response 
to K + also persisted after a 15- to 30-min exposure to Ca2 + -free Krebs' with EGTA. 
Furthermore, following simple omission of Ca2+ from the physiological buffer, 
residual contractions to the leukotrienes, histamine, and part of the contractions to 
acetylcholine were antagonized by low concentrations of nifedipine, indicating a 
requirement for a store of Ca2 + that ultimately entered smooth muscle cells through 
specific channels. Why this entry mechanism (i.e., blocked by Ca2 + -entry blockers) 
contributes little to these receptor-mediated contractile responses in normal (2.5 
mM Ca2 +) Krebs' solution is an important question to be answered. Other possible 
explanations for the present findings are that the effects of EGT A may not be limited 
to chelation of extracellular Ca2 + only (Keatinge, 1972) and/or that some Ca2 +

entry blockers have actions unrelated to blockade of calcium channels (Janis and 
Triggle, 1983). 

Similar to the leukotrienes, contractions induced by specific antigens were not 
completely inhibited in Ca2 + -free Krebs' (45 min). In contrast, responses to the 
Ca2 + ionophore A23187 were completely abolished in Ca2 + -free Krebs' solution 
with or without EGTA. These findings are consistent with previous reports (Burka 
and Paterson, 1981) that suggested similarities in the nature of the products (ei
cosanoids and leukotrienes) released by these stimuli but also demonstrated different 
requirements for extracellular Ca2 + . After exposure to Ca2 + -free Krebs' with EGTA 
(15 min), a significant response to antigen could be elicited that was reduced but 
not abolished in the presence of mepyramine and FPL-55712. This response was 
virtually abolished by low-dose nifedipine. These findings suggest that, as with the 
leukotrienes, antigen-induced contraction of guinea pig trachealis is dependent on 
a superficial and a tightly bound store of Ca2 + . The actual release process may still 
be directly mediated by intracellular Ca2+ stores within mast cells (Burka, 1984). 
However, rapid loss of the contractile response to antigen following a previous 
exposure to histamine or LTD4 in Ca2 + -free Krebs' (T. R. Jones and D. Denis, 
unpublished observations) suggests that similar Ca2 + stores and/or mechanisms are 
involved in mediation of the response to the products released by antigen. Moreover, 
there has been some suggestion that multiple receptor SUbtypes mediate contraction 
of guinea pig trachea to leukotrienes (Drazen et al., 1980; Krell et al., 1981; Jones 
et al., 1983). The present findings are consistent with these reports and indicate 
that the residual responses to LTD4 and also to antigen in low Ca2+ are mediated 
through an FPL-55712-insensitive mechanism. 

In summary, our findings suggest that extracellular stores of Ca2 + (superficial 
and membrane bound) are essential for initiating contraction to arachidonate me
tabolites and that at least in normal Krebs' (2.5 mM Ca2 +) Ca2 + -entry blockers 
are relatively weak antagonists of most spasmogens except K + . Electrophysiological 
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studies and studies with labeled 45Ca2 + are required in order to define more precisely 
the roles for intra- and extracellular Ca2+ in this tissue. 
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Macrophage Fc)'2b Receptor 
Expression and Receptor
Mediated Phospholipase Activity 
Feedback Regulation by Metabolites of 
Arachidonic Acid 

JOHN RHODES, JOHN SALMON, 
and JOHN WOOD 

1. INTRODUCTION 

Plasma membrane receptors specific for the Fc portion of immunoglobulins exist 
on myeloid and lymphoid cells and in a number of nonlymphoid tissues, including 
neonatal intestinal epithelial cells, placental trophoblasts, and virus-infected fibro
blasts. It is likely that the diversity of such receptors in terms of distribution and 
specificity reflects a commensurate diversity of function. 

Perhaps the best-characterized Fc receptor is the receptor for IgE on basophils 
and mast cells. This integral membrane glycoprotein ha,; a molecular weight of 
45-50,000. Its high affinity for the ligand has permitted purification to homogeneity 
in milligram quantities. The receptor mediates the immediate hypersensitivity (type 
I or anaphylactic) reaction that occurs when monomeric IgE already bound to cellular 
receptors is cross linked by specific antigen. 

It is the cross linking of receptors that initiates a series of events leading to 
the release of histamine and other vasoactive mediators (lshizaka and Ishizaka, 
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1978). Receptors specific for IgG (Fc-yR) are present on B lymphocytes, whereas 
subsets of T lymphocytes possess receptors for IgG or IgM (Fcf-LR). The function 
of these receptors is uncertain, but it seems likely that they are involved in im
munoregulation as, for example, in the generation of suppressor T cells by anti
idiotypic antibody. The Fc-yR are thought to be associated with suppressor T cells, 
whereas FCf-LR are thought to define a subset of helper T cells (Moretta et al., 
1977). However, T cells can switch from expression of Fc-yR to FCf-LR on exposure 
to IgG immune complexes (Pichler et al., 1978). Receptors specific for IgA have 
been described on monocytes and granulocytes (Fanger et al., 1980). 

Receptors for IgG are present on cells of myeloid origin (monocytes, mac
rophages, granulocytes) and enable these phagocytic cells to recognize microor
ganisms and other forms of antigen that have provoked an antibody response. One 
of the principal functions of these receptors is to facilitate the clearance of antigen 
during the effector phase of the immune response. All subclasses of IgG appear to 
mediate such endocytosis (Ralph et al., 1980; Diamond and Yelton, 1981). In 
addition to internalization of the bound ligand (Silverstein et al., 1977), Fc-y re
ceptors also initiate a number of important cellular reactions, which include anti
body-mediated cytolysis of target cells (Cerrotini and Brunner, 1974), release of 
hydrolytic enzymes (Gordon et al., 1974), production of reactive intermediates of 
oxygen (Ezekowitz et al., 1983), and synthesis and release of prostaglandins and 
leukotrienes (Bonney et al., 1980; Scott et al., 1980; Feuerstein et al., 1981; Rouzer 
et al., 1980). 

Murine macrophages express at least three distinct receptors for IgG: a trypsin
sensitive receptor for IgG2a , a trypsin-resistant receptor for IgG J and IgG28 , and a 
receptor for aggregated IgG3 (Unkeless et al., 1981). Although all three classes of 
receptor can mediate endocytosis of particulate immune complexes, increasingly 
well-defined functional differences do exist among them. The receptor for IgG2a is 
a more effective trigger of the respiratory burst in activated macrophages (Ezekowitz 
et al., 1983), whereas only the receptor for IgG J/IgG2b appears to trigger the 
synthesis and release of prostaglandins and leukotrienes (Nitta and Suzuki, 1982). 

The study of Fc-y receptor structure and function is most advanced in the case 
of the receptor for IgG J/IgG2b. This work has been facilitated by the production of 
a monoclonal antibody 2.4G2 specific for the receptor (Unkeless, 1979). The re
ceptor is an integral membrane glycoprotein with an apparent molecular weight of 
40-60,000. It has been purified and incorporated into lipid bilayers, where it exhibits 
the characteristics of a Iigand-dependent, cation-selective ion channel (Ding-E Young 
et al., 1983a, b). A molecule with IgG2b binding activity has also been isolated 
from B-cell-derived chronic lymphocytic leukemia (CLL) cells and a macrophage 
cell line (Suzuki et ai., 1980a,b, 1982). This putative FcR exhibits phosphatidyl
choline binding activity and typical phospholipase A2 activity (i.e., it cleaves the 
esterified fatty acid from the C2 position of the glycerol moiety of phosphatidyl
choline). This phospholipase activity is enhanced by IgG2b. The relationship be
tween this molecule and the ligand-dependent, cation-selective ion channel defined 
by 2.4G2 awaits further clarification. 

In the present chapter we examine the release and metabolism of arachidonic 
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acid in resident murine peritoneal macorphages. We show that endogenous metab
olites of arachidonic acid regulate changes in the expression of the IgG}/IgG2b 

receptor in vitro and that such changes produce commensurate effects on receptor
mediated arachidonic acid release. The data demonstrate a potential feedback reg
ulation of receptor-triggered arachidonic acid metabolism by eicosanoids acting at 
the level of FC)'2b receptor expression. 

2. MATERIALS AND METHODS 

2.1. Macrophage Cultures 

Untreated female balb/c mice 8-20 weeks of age were sacrificed by CO2 

inhalation. The peritoneal cavity was washed with RPMI 1640 containing antibiotics 
and heat-inactivated fetal calf serum (FCS) at a concentration of 10%. Pooled 
suspensions of peritoneal cells were adjusted to 2 x 106 cells/ml, and 0.5-ml 
aliquots were placed directly into Lab-tek tissue culture chamber slides (Miles Ltd., 
Slough, England) or Linbro 24-well plates (Flow Ltd., Ayshire, Scotland) and 
allowed to adhere for 2 hr at 37°C. Nonadherent cells were then washed off, and 
the adherent cells cultured in 5% CO2 in humidified air at 37°C. 

2.2. Assay for IgG1/1gG2b Receptor Expression 

Washed sheep red blood cells (SRBC) in phosphate-buffered saline (PBS) were 
specifically sensitized with mouse monoclonal IgG2b anti-SRBC antibody (clone 
Sp2, SeraLab Ltd., Sussex, England) for 30 min at room temperature, after which 
the cells were washed twice and resuspended in HEPES-buffered RPMI. Washed 
macrophage monolayers were overlain with IgG2b-coated SRBC at a concentration 
of 1 % v/v for 1 hr at room temperature, after which monolayers were washed three 
times, fixed with 0.5% glutaraldehyde, and stained with citrate-buffered Giemsa. 
A dose-response curve was established by titrating the amount of monoclonal IgG2b 

on the SRBC surface. Rosette formation was determined and expressed as a function 
of the dose of monoclonal antibody. In addition to the binding of immune complexes, 
receptor expression was also visualized by incubating macrophages with antibody 
alone for 1 hr at room temperature, after which the monolayers were washed and 
exposed to untreated SRBC for a further hour. Rosette formation in both systems 
was inhibited by pretreatment of the macrophages with the monoclonal antibody 
2AG2 (a gift of Dr. J. Unkeless, Rockefeller University). The cells were exposed 
to 2AG2 at 100 J..Lg/ml for 1 hr and then washed and subjected to the rosette assay. 

2.3. Radioimmunoassay for Eicosanoids 

Macrophages were cultured for 24 hr in medium containing FCS or for 5 hr 
in the presence of IgG2b-sensitized SRBC in serum-free medium. Supernatants were 
then microfuged and frozen. The concentration of eicosanoids was determined by 
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specific radioimmunoassay without prior extraction or chromatography. The spec
ificity of these assays for the various eicosanoids has been established in previously 
published studies (Salmon, 1978; Salmon et ai., 1982). 

2.4. [14C]Arachidonic Acid Release Assay 

Macrophage monolayers in Linbro 24-well plates were labeled with [14C] 
arachidonic acid (Amersham International, England) at a concentration of 30 nCi 
per ml in RPMI 1640 containing 5% FCS for 2 hr at 37°C. The monolayers were 
then washed four times and exposed to EAIgG2b or other stimuli for 5 hr. Cell
free supernatants were harvested and subjected to liquid scintillation spectrometry. 

2.5. Thin-Layer Chromatography of [14C]Arachidonic 
Acid Metabolites 

Macrophage monolayers in Linbro 12-well plates were labeled with 
[l4C]Arachidonic acid (Amersham International) at a concentration of 200 nCi/ml 
in RPMI 1640 containing 5% FCS for 4 hr at 37°C. Monolayers were then washed 
four times and exposed to test stimuli for 15 hr. Tissue culture supernantants were 
precipitated with acetone and then chloroform extracted before drying under nitrogen 
(Salmon and Flower, 1982). Samples, resuspended in chloroform/methanol (1 : I), 
were chromatographed in silica-coated plates (Whatman, LKD5) in ethyl acetate-
2,2,4-trimethylpentane-acetic acid-water (110 : 50 : 20 : 100 v/v/v/v) and then au
toradiographed using Kodak X -Omat film at - 70°C for 2-10 days. 

2.6. Other Reagents 

Cycloheximide (Calbiochem, La Jolla, CA) and tunicamycin (Sigma, Pool, 
Dorset) were added to macrophage monolayers after the initial 2-hr adherence and 
were present for the subsequent 24 hr of culture. Hydrocortisone (Sigma), indo
methacin (Sigma), and BW 755C (Wellcome) were added to macrophage mono
layers after the initial 2-hr adherence and were present for the subsequent 24 hr of 

) 

FIGURE 1. (A) Fc-y2b receptor expression progressively increases in vitro. Macrophages were 
cultured in medium containing 10% FCS. Rosette formation was determined as a function of 
the dose of IgG2b antibody at the times indicated. (B) The increase in Fc-y2b receptor expression 
depends on protein synthesis and glycosylation. EAIgG2b dose-response at 2 hr (0), at 24 hr 
(0), at 24 hr with cycloheximide (500 ng/ml) (e), and at 24 hr with tunicamycin (100 ng/ml) (.). 
(C) EAIgG2b rosette formation is inhibited by 2.4G2 monoclonal antibody at 2 hr and 24 hr. 
EAlgG2b dose-response at 2 hr (0), at 24 hr (0), at 2 hr after 2.4G2 treatment (1 hr at room 
temperature followed by washing) (e), and at 24 hr after 2.4G2 treatment (.). (D) Passive 
sensitization of macrophage with IgG2b reflects the increase in Fc-y2b receptor expresion oc
curring over 24 hr and is inhibited by 2.4G2. Macrophages were cultured for 2 hr (0) or 24 hr 
(0) and then sensitized with IgG2b for 1 hr at room temperature. The macrophages were then 
washed and exposed to untreated SRBC. Macrophages pretreated with 2.4G2 (e). 
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culture. Prostaglandin E2 (Upjohn, Kalamazoo, MI) and leukotrienes 8 4 , C4 , and 
D4 (Miles Labs. Ltd., Slough, England) were added in the same manner at the 
concentrations specified in the following section. 

3. RESULTS 

3.1. Regulation of Macrophage Fc')'2b Receptor Expression in Vitro 

Resident peritoneal macrophages in tissue culture in the presence of 10% FCS 
exhibit a progressive increase in the expression of receptors for IgG2b over a 72-
hr period (Fig. IA). The increase in receptor expression over a 24-hr period was 
completely inhibited by cycloheximide and partially inhibited by tunicamycin, in
dicating a dependence on protein synthesis and glycosylation, respectively (Fig. 
18). Receptor expression at 2 hr and 24 hr was inhibited by pretreatment of the 
cells with the monoclonal antibody 2.4G2, which is specific for the macrophage 
receptor for IgG(/IgG2b (Fig. IC). Passive sensitization of the macrophages with 
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FIGURE 2. Inhibition of Fc"(2b receptor expression by hydrocortisone. 
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IgG2b antibody alone, subsequently detected by the addition of washed SRBC, was 
also inhibited by 2.4G2 (Fig. lD). 

The increase in Fc-y2b receptor expression occurring in vitro was found to be 
inhibited by hydrocortisone at 1 ~g/ml. The degree of inhibition (around 50%) is 
comparable to the degree of inhibition produced by hydrocortisone on the synthesis 
of eicosanoids, and as in the latter system, the degree of inhibition is not affected 
by a tenfold increase in the dose of steroid (Fig. 2). Selective inhibition of the 
cycIooxygenase pathway by indomethacin resulted in enhancement of the increase 
in receptor expression (Fig. 3). This enhancement was partially reversed by PGE2 

at a concentration of 100 ng/ml. In contrast, inhibition of both Iipoxygenase and 
cycIooxygenase pathways by BW 755C abolished the increase in Fc-y2b receptor 
expression. This effect was unaffected by LTB4 (Fig. 4) but was completely reversed 
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24h 

24 h BW755C [50~g mr1] 
24 h BW755C [50~g mr1] 

+ L TB4 [100ng mr1] 

FIGURE 4. Influence of the lipoxygenase/cyclooxygenase inhibitor BW 755C on Fc-y2b receptor 
expression. Failure of L TB4 to reverse BW 755C inhibition. 

in the presence of LTD4 at 100 nglml (Fig. 5). Leukotriene C4 produced only a 
modest effect. Taken together, these data indicate that a lipoxygenase product 
produced by macrophages is responsible for the increase in Fc-y2b receptor expres
sion and that this signal overrides the inhibitory influence of a cyclooxygenase 
product that down-regulates receptor expression. 

3.2. Receptor-Mediated Phospholipase Activity 

Phospholipase activity resulting from Fc-y2b receptor ligand interaction was 
determined by measuring the release of [14C]arachidonic acid from prelabeled mac
rophages in response to IgG2b-coated SRBC over a 5-br period in serum-free me
dium. Under these conditions, the release of arachidonic acid and its metabolites 
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FIGURE 5. Inhibition of Fc-y2b receptor expression by BW755C. Reversal of inhibition by 
LTD4 . 

was found to be a function of the dose of IgG2b antibody (Fig. 6). Macrophages 
already cultured for 24 hr were used in these assays. The identity of the arachidonic 
acid metabolites produced in response to IgG2b immune complexes was determined 
by radioimmunoassay and by thin-layer chromatography. Macrophages that had 
been in culture for 24 hr were washed and exposed to SRBC se'lsitized with an 
optimal concentration of IgG2b antibody (100 f-Lg/ml in serum-free HEPES-buffered 
medium. The reaction was allowed to proceed for 5 hr at 37°C in air, after which 
cell-free supernatants were obtained. Inhibitors of arachidonic acid metabolism were 
present where indicated for the entire 5 hr. The results obtained by radioimmu
noassay are presented in Table I. The principal product was PGE2 , although sub-
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FIGURE 6. Release of [14C]PGE2 

and [14C]arachidonic acid from pre
labeled macrophages in response to 
IgG2b-coated sheep red blood cells. 

stantial amounts of 6-keto-PGF1co the stable metabolite of prostacyclin, were also 
produced. Small amounts of thromboxane B2 were also detected, but the assay did 
not detect significant amounts of L TB4 or L TC4. Prostanoid production in response 
to IgG2b particulate immune complexes was completely inhibited by indomethacin 
and BW 755C. Results obtained by thin-layer chromatography are presented in Fig. 
7. Prelabeled macrophages cultured for 5 hr in the presence of SRBC sensitized 
with an optimal dose of IgG2b released prostaglandins of the E series as expected, 
although much of the labeled material at this time was still in the form of unme
tabolized arachidonic acid. Prostanoid production was significantly reduced by 
hydrocortisone. Zymosan stimulation also induced prostanoid production, whereas 
the calcium ionophore A23l87 preferentially induced Jipoxygenase products in the 
form of hydroxyeicosatetraenoic acids. Unsensitized SRBC had no effect. 

3.3. Regulation of Receptor-Mediated Phospholipase Activity 

Macrophages cultured for 48 hr with or without BW 755C were prelabeled 
with [14C]arachidonic acid and then exposed to SRBC sensitized with suboptimal 
amounts of IgG2b for 1 hr at room temperature. After this time, the monolayers 
were washed and incubated for a further 5 hr in serum-free medium. Assays were 
then performed on cell-free supernatants. Results are shown in Fig. 8. In cultures 
that contained BW 755C for the initial 48 hr, the increase in receptor expression 
did not take place, and phospholipase activity in response to suboptimally sensitized 
EAIgG2b was found to be commensurately reduced in comparison with that of 
untreated macrophages. 
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FIGURE 7. Thin layer chromatography of [14Cjarachidonic acid metabolism. 1, unstimulated 
macrophages; 2,1% FCS; 3, zymogen; 4, calcium ionophore A23187; 5, untreated SRBC(E); 
6, EAlgG2b; 7, EAlgG2b plus cortisone. 

TABLE I. Eicosanoid Production by Macrophages Stimulated with IgG2b Immune 
Complexes (EAlgG2b): Effects of Inhibitors of Arachidonic Acid Metabolism 

Eicosanoid release (ng/ml) 

Treatment PGE2 6-Keto-PGF(a LTB. LTC4 

None 1.5 ± 0.2 <I <0.2 <I 
EAIgG2b 22.0 ± 2.0 7.6 ± 1.4 <0.2 <I 
EAIgG2b + 

BW755c, 50 ILg/ml 1.8 ± 1.5 <I <0.2 <I 
EAIgG2b + 

indomethacin , 
5 ILg/ml 1.5 ± 0.35 <I <0.2 <I 
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FIGURE 8. Inhibition of receptor-mediated 
phospholipase activity by BW 755C. Mac
rophages cultured in the absence (A) or pres
ence (B) of BW 755C for 48 hr were prela
beled with [l'C)arachidonate and exposed to 
varying concentrations of IgG2b-sensitized 
SRBC for 1 hr. Release of [I'C)AA and me
tabolites was measured over a 5-hr time pe
riod. For further details see text. 

TABLE II. Eicosanoid Production by Macrophages Cultured in Medium Containing 
FCS: Effects of Inhibitors of Arachidonic Acid Metabolism 

Eicosanoid release (ng/ml) 

Treatment PGE2 6-Keto-PGF1Q LTB. LTC. 

None 97 ± 17 144 ± 20 <0.2 <0.3 
BW 755C, 10 fLg/ml <I <5 <0.2 <0.3 
Indomethacin, 

5 fLg/ml <I <5 0.2 <0.3 
Hydrocortisone, 

1 fLg/ml 26.5 ± 3 55 ± 12 <0.2 <0.3 
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Macrophages cultured for 24 hr in the presence of 10% FCS produced sub
stantial amounts of prostanoids (Table II). Unlike the EAIgG2b stimulus, where 
PGE2 was the principal product, these conditions induced a greater production of 
PGI2 detected as the stable metbolite 6-keto-PGF1a . Only small amounts of leu
kotrienes were detected in these assays. Prostanoid production was completely 
inhibited by indomethacin and BW 755C and substantially inhibited (-70%) by 
hydrocortisone. 

4. DISCUSSION 

Macrophages synthesize eicosanoids from endogenous sources of arachidonic 
acid and release them into their environment. In chronic inflammatory reactions, 
the macrophage is likely to be a major source of these inflammatory mediators. 
Macrophage membrane phospholipids contain an unusually high proportion of es
terified arachidonic acid (Scott et al., 1980), and these cells also incorporate ar
achidonic acid into cytoplasmic organelles termed lipid bodies (Dvorak et al., 1983). 
The fatty acid is released in response to a variety of stimuli through the activation 
of phospholipases (Wightman et al., 1981). Effective experimental stimuli include 
zymozan, phorbol myristate acetate, the calcium inonophore A23187, and partic
ulate immune complexes. Released arachidonic acid is metabolized via cyclooxy
genase or lipoxygenase pathways to produce a mixture of prostanoids, hydroxyei
cosatetraenoic acids (HETEs), and leukotrienes (Bonney et al., 1980; Scott et al. , 
1980; Pawlowski et al., 1982; Rouzer et al., 1980). The ratio of these products 
appears to depend on the nature of the stimulus. 

Evidence exists to show that stimulation of the murine macrophage receptor 
for IgG1/IgG2b by particulate immune complexes is an effective trigger for phos
pholipase activation and the subsequent release of arachidonic acid metabolites 
(Nitta and Suzuki, 1982). The present data confirm these findings by means of 
[14C]arachidonic acid release, thin layer chromatography of [14C]arachidonic acid 
metabolites, and radioimmunoassay of eicosanoids. The expression of Fc receptors 
has long been known to be a dynamic property of the macrophage membrane (Arend 
and Mannick, 1973; Rhodes, 1975), and recent work has shown that murine mac
rophage activation in vivo is accompanied by an increase in the receptor for IgG2a 

(Ezekowitz et al., 1983). Increases in the receptor for IgG 1/IgG2b also occur in 
vivo, however, in response to C. parvum (Glass et al., 1983). The present study 
looks at changes in the expression of the receptor for IgG 1/IgG2b in vitro. Receptor 
expression, characterized by EAIgG2b rosette formation inhibitable by the mono
clonal antibody 2.4G2, markedly increased during 72 hr of culture in the presence 
of FCS. This increase was dependent on protein synthesis and glycoslylation. The 
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increase in receptor expression was partially inhibited by hydrocortisone and com
pletely inhibited by BW 755C (an inhibitor of lipoxygenase and cyclooxygenase 
pathways). In contrast, selective inhibition of the cyclooxygenase pathway by in
domethacin enhanced the increase in receptor expression. The effects of indo
methacin were partially reversible by PGE2 whereas the effects of BW 755C were 
completely reversed by LTD4. Leukotriene C had only a modest effect. Inhibition 
of receptor expression by BW 755C produced commensurate inhibition of arachi
donic acid release in response to particulate IgG2b immune complexes. 

We also examined the production of eicosanoids by macrophages cultured in 
the presence of FCS in the absence of other stimuli. Our intention was to show 
that under the conditions and over the time course in which increases in receptor 
expression occur, macrophages produce significant amounts of eicosanoids and that 
this production is susceptible to inhibition by drugs that modulate receptor expres
sion. Substantial amounts of PGE2 and prostacyclin were produced. However, only 
very small amounts of leukotrienes were detected. Hydrocortisone and inhibitors 
of the lipoxygenase and cyclooxygenase pathways inhibited prostanoid production. 

Taken together, our data indicate that increases in IgG1/IgG2b receptor expres
sion in vitro are the result of an up-regulation of receptor expression by a lipoxy
genase product(s). This signal overrides the inhibitory effects of a cyclooxygenase 
product. Exogenous LTD4 has this property. However, we did not find substantial 
amounts of endogenous leukotrienes in macrophage cultures with or without IgG2b 

immune complex stimulation. We are not currently able to assay LTD4. Others 
have shown that murine macrophages produce substantial amounts of L TC4 in 
response to IgE and IgG complexes (Rouzer et al., 1982) and zymosan (Rouzer et 
al., 1980). Our data, obtained in vitro, indicate a potential feedback regulation of 
receptor-triggered arachidonic acid metabolism by eicosanoids acting at the level 
of IgG 1/1gG2b receptor expression. 
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Differential Effects of 
Leukotriene 84 and Its Analogues 
on Suppressor and Helper 
Cell Function 

MAREK ROLA-PLESZCZYNSKI, L YNE GAGNON, 
VICTOR RADOUX, CLAUDINE POULIOT, and 
E. J. COREY 

1. INTRODUCTION 

Recent studies have demonstrated that leukotrienes (LTs), in addition to their my
otropic properties, also strongly affect several leukocyte functions. For instance, 
LTB4 was shown to stimulate neutrophil aggregation (Bass et al., 1981), chemo
kinesis (Ford-Hutchinson et al., 1980; Palmer et al., 1980), chemotaxis (Palmer 
et al., 1980), degranulation (Showell et al., 1982a), hexose transport (Bass et al., 
1981), and cation fluxes (Mol ski et al., 1981). 

More recently, LTB4 was also shown to affect several lymphocyte functions. 
We have demonstrated that LTB4 can induce human T cells to exert a suppressor 
cell activity on lymphocyte proliferative responses to mitogens (Rola-Pleszczynski 
et al., 1982; Rola-Pleszczynski and Sirois, 1983). Leukotriene B4 was also shown 
to suppress LIF production (pay an and Goetzl, 1983). In addition, LTB4 can strongly 
augment natural cytotoxicity of human peripheral blood lymphocytes against herpes 
simplex virus-infected target cells (Rola-Pleszczynski et al., 1983) as well as un-
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DOUX • Immunology Division. Faculty of Medicine. University of Sherbrooke. Sherbrooke. Quebec 
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infected tumor target cells (Rola-Pleszczynski et al., 1984a), a process that appears 
to depend on the lipoxygenase pathway (Rola-Pleszczynski et al., 1983, 1984a; 
Seaman, 1983). The cytotoxicity-enhancing properties of LTB4 were shared to a 
significant extent by the parent molecule LT~ but only weakly by LTD4, whereas 
HETEs and stereoisomers of LTB4 were inactive (Rola-Pleszczynski et al., 1984b). 

With the aim of further elucidating the mechanisms through which L TB4 
regulates immune functions, we undertook to study the differential effects of LTB4 
and analogues on the generation of suppressor or helper activity. 

2. MATERIALS AND METHODS 

2.1. Leukotrienes 

Leukotriene B4 was obtained as a gracious gift from Drs. A. Ford-Hutchinson 
and J. Rokach (Merck-Frosst Laboratories, Dorval, Quebec). Leukotriene B4 di
methylamide (LTB4-dma) and the monocyclic analogues of LTB4, SP-II-130 and 
DH-II-21O, were synthesized by one of us (E.J.C.) as will be described elsewhere. 
They were appropriately diluted immediately before use in RPMI-1640 medium. 

2.2. Leukocytes 

Human peripheral blood mononuclear leukocytes (PBMLs) were obtained by 
density centrifugation of heparinized venous blood on a Ficoll-Hypaque gradient. 
They represented 75-85% lymphocytes and 15-25% monocytes. In selected ex
periments, they were passed through a nylon wool column to yield 99% lympho
cytes, 95% of which were E-rosetting T cells. 

2.3. Proliferation Assay 

Mitogen-induced lymphocyte proliferation was assayed by measuring the up
take of pH]thymidine by PBML during the last 6 hr of n-hr culture in the presence 
of either medium alone (supplemented with 10% human heat-inactivated AB serum) 
or phytohemagglutinin (PHA, 0.1 % Burroughs-Wellcome, Research Triangle Park, 
NC). Cells were harvested at 72 hr, and total cell-associated radioactivity was 
measured in dpm. 

2.4. Suppressor Cell Assay 

Peripheral blood mononuclear leukocytes or nylon-wool-purified T cells were 
preincubated for 24 hr with varying concentrations of LTB4 or analogues followed 
by three washes and addition of the preincubated cells to fresh mitogen-stimulated 
PBML cultures. Results are expressed as percentage suppression using the following 
fonnula: 
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. [ (dpm after LT preinCubatiOn)] 
Percent suppressIOn = 1 - (d f I x 100 

pm 0 contro s) 

3. RESULTS AND DISCUSSION 

When used in a coculture system, LTB4 was again observed, as reported 
previously, to induce suppressor cell function (Fig. 1). The dose-response curve 
was V-shaped, with maximal effects at 10-10 to 10-12 M concentrations of LTB4. 
Leukotriene dimethylamide, which has been reported to behave as an antagonist of 
LTB4 in neutrophil degranulation (Showell et al., 1982b) while having weak agonist 
activity at concentrations about 10-6 M, behaved as an active analogue of LTB4 in 
our system. Equimolar concentrations of LTB4 and LTB4-dma did not antagonize 
each other but were not synergistic either, suggesting that they may act on the same 
receptor. 

V sing synthetic monocyclic analogues of L TB4, we attempted to further analyze 
the cellular interactions involved in LTB4-induced suppressor activity. We had 
previously shown that the prime target for LTB4 was a T cell that, in tum, after 
activation, induced suppression in a responder PBML culture (Rola-Pleszczynski 
et al., 1982). When the responder PBML population was depleted of monocytes, 
the remaining nonadherent lymphocytes would no longer be suppressed by L TB4-
preactivated T cells (Fig. 2, top panel). Furthermore, when the responder PBML 
were treated with 2 ~M indomethacin to inhibit cyclooxygenase, not only was 
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FIGURE 1. Dose-response effects of L TB4 • L TB4-dma. and both substances together on in
duction of suppressor cell activity after preincubation for 24 hr. Preincubated cells were then 
added to a 72-hr PBML culture in the presence of PHA. 
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FIGURE 3. Hypothetical pathways of activation by L TB4 and its analogues of suppressor and 
helper cell activities, depending on culture conditions. 

suppression lost, but actual enhancement of PBML responses to PHA was observed, 
with maximal effects at 10-8 to 10-12 M concentrations of LTB4. These findings 
suggested that LTB4-activated suppressor cells required monocytes and cyclooxy
genase metabolites of arachidonic acid to exert their effect. They also suggested 
that L TB4-activated T cells could exert a helper function when suppressor function 
was prevented. We therefore compared the requirement for monocytes for the 
expression of suppression using two monocyclic analogues of LTB4, namely, DH
II-210 and SP-II-130. Figure 2 shows that DH-II-21O and SP-II-130 were both quite 
active in inducing suppressor cell activity when tested in coculture with unfrac
tionated PBML. 

In marked contrast, however, DH-II-21O, but not SP-II-130, could only exert 
its suppressive effect in the presence of monocytes. SP-II-130, on the other hand, 
induced suppressor cells that could further exert their suppressive effect even in the 
absence of monocytes (Fig. 2, lower panel). This suggested that SP-II-130 acted 
on a different subset of T cells, which would, in turn, during the subsequent 
coculture, exert their suppressive effect directly on mitogen-responsive lympho
cytes. Alternatively, it could directly inhibit IL-2 production by helper cells. 

4. CONCLUSION AND HYPOTHESIS 

In studying the immunoregulatory activities of LTB4, we have found that 
lymphocytes preincubated with LTB4 may be induced to exert either positive (helper) 
or negative (suppressor) effects on the proliferative responses of PBML to mitogens 
depending on culture conditions. Suppressor function is at least partially dependent 
on monocytes and cyclooxygenase products. Helper function can be observed when 
monocytes are removed and especially when cyclooxygenase is inhibited. Although 
some synthetic analogues of LTB4 mimic its activities, at least one monocyclic 
analogue, SP-II-130, may directly affect suppressor cells without the requirement 
for monocytes. 

Figure 3 illustrates the hypothetical activation pathways induced by LTB4 and 
its analogues as suggested by our studies. 
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5. SUMMARY 

Leukotriene B4 (L TB4) can induce human T lymphocytes to exert suppressor 
cell activity at concentrations ranging from 1 X 10-8 to 1 X 10-12 M. The expres
sion of suppressor cell activity required the cooperation of adherent phagocytic cells 
and cyclooxygenase metabolites. When the secondary, responder cultures were 
depleted of monocytes or treated with indomethacin, suppression could no longer 
be observed with the addition of LTB4-pretreated T cells. In contrast, actual en
hancement of lymphocyte proliferation to mitogens was seen, with peak effects at 
1 X 10-10 M concentration of LTB4. Leukotriene B4 dimethylamide and DH-II-
210, a synthetic analogue of LTB4, mimicked the action of LTB4 in inducing 
suppressor cell function and in requiring monocytes for its expression. In contrast, 
a different LTB4 analogue, SP-II-130, also induced suppressor T cells but without 
the requirement for monocytes. Preincubated T cells would only exert suppressive 
activity whether the responding culture consisted of unfractionated peripheral blood 
mononuclear leukocytes or monocyte-depleted « 1 %) lymphocytes. Our data sug
gest that both suppressor and helper cells can be stimulated by L TB4 and some of 
its analogues and that other analogues may interact more specifically with a more 
restricted lymphocyte population. 
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Eicosanoid Precursor Fatty Acids 
in Plasma Phospholipids and 
Arachidonate Metabolism in 
Polymorphonuclear Leukocytes 
in Asthma 

KARl PUNNONEN, RITVA TAMMIVAARA, and 
PEKKA UOTILA 

1. INTRODUCTION 

The cysteine-containing leukotrienes C4, D4, and E4 as well as leukotriene B4, a 
dihydroxy acid, are formed from arachidonic acid via the Ca2 + -dependent 5-li
poxygenase pathway (Borgeat et al., 1983). They have been considered to be 
mediators of immediate hypersensitivity reactions. Sensitized human lung is capable 
of releasing leukotrienes when exposed to a specific antigen (Dahlen et al., 1983), 
and L TC4 and LTD4 have been shown to be potent bronchoconstrictors both in vivo 
(Holroyde et al., 1981) and in vitro (Dahlen et al., 1980). Leukotriene B4 is a 
potent chemokinetic and chemotactic substance (Ford-Hutchinson et al., 1980). 
Also, stimulated human polymorphonuclear leukocytes (PMNL) are capable of 
producing substantial amounts of 5-lipoxygenase products, as well as other lipox
ygenase and cyclooxygenase metabolites (Borgeat and Samuelsson, 1979; Samu
elsson, 1983). 

Because leukotrienes and other metabolites of arachidonic acid may be of 
importance in asthma, we have measured the relative amounts of arachidonic acid 
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and other fatty acids in plasma phospholipids and the amounts of some arachidonate 
metabolites in the plasma and serum of asthmatic and healthy subjects. The me
tabolism of exogenous arachidonic acid was also studied in non stimulated PMNL 
of asthmatic and healthy SUbjects. 

2. MATERIALS AND METHODS 

[14C]Arachidonic acid was purchased from Radiochemical Centre (Amersham, 
England) and converted to the sodium salt. Unlabeled reference compounds, in
cluding 6-keto-PGFI,o PGF2,o PGE2, TxB2, l3,14-dihydro-15-keto-PGF2,o PGD2 , 

15-keto-PGE2, l3,14-dihydro-15-keto-PGE2, PGA2, and 5-HETE were either gifts 
from Dr. 1. Pike (Upjohn, Kalamazoo, MI, USA) or were purchased from Sigma 
(St. Louis, MO, USA) or Cayman Chemical (Denver, CO, USA). Leukotrienes 
B4, C4, and D4 were generous gifts from Dr. 1. Rokach (Merck Frosst Canada Inc., 
Dorval, Quebec, Canada). [3HlThromboxane B2 and [3H16-keto-PGFIo< were from 
Amersham (Buckinghamshire, England). The antiserum for TxB2 was from Upjohn, 
and that for 6-keto-PGF Io< from Seragen (Boston, MA, USA). 6,9-Deepoxy-6,9-
(phenylimino)-.:l6,8-prostaglandin II (U-60,257), an inhibitor of leukotriene synthe
sis, was a generous gift from Dr. M. Bach (Upjohn, Kalamazoo, MI, USA) (Bach 
et al .. 1982). 

Twenty-nine asthmatic patients with the intrinsic type of asthma from mild to 
moderate severity (aged 18 to 59 years; ten female and 19 male) and 17 healthy 
subjects (aged 21 to 45 years; one female and 16 male) were involved in this study. 
The blood samples were taken during long-term treatments for asthma and when 
the subjects had not taken aspirinlike drugs during the preceding 2 weeks. About 
7 ml of venous blood was collected for plasma measurements into heparinized 
plastic tubes. In order to measure TxB2 serum levels, about 3 ml of blood was 
collected into a glass tube and allowed to clot for 1 hr at 37°C. After this, indo
methacin was added, and serum was separated by centrifugation. The serum samples 
were stored at - 20°C until analyzed. 

The plasma levels of 6-keto-PGF In and TxB2 as well as the serum levels of 
TxB2 were measured by radioimmunoassay (Puustinen and Uotila, 1983). Plasma 
samples were acidified and extracted with ethyl acetate, and serum samples were 
diluted with ethanol before the radioimmunoassay. 

For PMNL experiments, about JO rnI of venous blood was collected into a 
plastic tube containing 2 ml of 2.94% sodium citrate. To separate PMNL, the blood 
samples were at first mixed with 2-3 rnI of 6% dextran T 500 (Pharmacia, Uppsala, 
Sweden) in Dulbecco's phosphate-buffered saline (PBS, pH 7.4) (Dulbecco and 
Vogt, 1954), and erythrocytes were allowed to settle (Boyum, 1976). Leukocytes 
were further purified by a discontinuous Percoll® (Pharmacia) gradient. The cells 
were layered on a top of a discontinuous Percoll® gradient (densities 1.09, 1.07, 
and 1.06 g/ml), and the tubes were centrifuged for 30 min at 400 x g. After 
centrifugation, PMNL were between the gradients of 1.09 arid 1.07 g/ml. The 
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PMNL were washed and resuspended in PBS (pH 7.4) containing 1 rnM CaCh and 
5 mM glucose. The platelet: leukocyte ratio was always less than 1 : 5. 

The PMNL suspension containing about 7 x lOb PMNL in PBS and 1 rnM 
of reduced glutathione was preincubated for 10 min at 3rC in the presence or 
absence of 10 /LM U-60,257. After the preincubation, [14C]AA (8 /LM, about 
500,000 cpm) was added, and the incubation was continued for 2 min in a final 
volume of 0.5 m!. The incubation was terminated by the addition of 4.5 ml of ice
cold PBS, and the mixture was extracted with ethyl acetate (2 + 2 ml) first at 
neutral pH and then at pH 4.5. The pH of the remaining water phase was neutralized, 
and the water phase was stored at - 20°C until analyzed. Formed metabolites of 
[14C]AA were analyzed as follows . The metabolites extracted with ethyl acetate at 
pH 7.4 were analyzed by one-dimensional thin-layer chromatography using petro
leum ether: diethyl ether: acetic acid (50 : 50 : 1) as the mobile phase (Fig. 1) 
(Uotila et al., 1983). Synthetic LTB4 and 5-HETE standards were used to identify 
these metabolites on the TLC plates. The 12-HETE, derived from the platelets, 
migrated in the vicinity of the mono-HETE group. Also, 15-HETE is known to 
migrate in the same area in the TLC system used (Konig et al., 1982). The cy
clooxygenase metabolites extracted with ethyl acetate at pH 4.5 were analyzed by 
a two-dimensional TLC system (Fig. I) (Uotila et al., 1983). First, the TLC plates 
were developed in the organic phase of ethyl acetate: isooctane : acetic acid: water 
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FIGURE 1. Autoradiograms of the TLC plates containing arachidonate metabolites formed in 
polymorphonuclear leukocytes (PMNL) . The metabolites were extracted from the incubation 
mixture with ethyl acetate first at pH 7.4 and then at pH 4.5. The chromatographing of unlabeled 
standards is shown. These areas as well as those of unidentified metabolite groups were cut 
along the dashed lines for liquid scintillation counting. 
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(110 : 50 : 20 : 1(0) and then twice in the second direction in ethyl acetate: acetic 
acid (99 : 1). The metabolites were identified using unlabeled standards. Autora
diograms of the plates were developed, and radioactive areas were cut out for liquid 
scintillation counting. The water phase was analyzed using bioassay on superfused 
guinea pig ileum. The contractions were measured by the Harvard smooth muscle 
transducer. The dose-response curves were based on contractions elicited by syn
thetic LTC4 and LTD4 . 

The fatty acid composition of plasma phospholipids was analyzed as follows 
(Norred and Wade, 1972). Plasma samples (1 ml) were mixed with 17 volumes of 
chloroform: methanol (2 : 1), and the mixture was filtered through glass wool. 
The filtrate was washed with 0.2 volumes of 0.75% KCI and then evaporated to 
dryness. Acetone saturated with magnesium chloride was added, and the supernatant 
containing neutral lipids and free fatty acids was removed. To release the fatty acids 
from the precipitated phospholipids, 2 ml of 0.5 N NaOH in methanol was added, 
and the tubes were kept for 5 min in a boiling water bath. Then, to methylate the 
fatty acids, 1 ml of 1 N HCI and 2 ml of 10% BF3 , both in methanol, were added, 
and heating was continued for 2 min. After the addition of 2.5 ml of saturated NaCI 
and extraction with n-hexane the fatty acid methyl esters were separated and mea
sured using a Packard 419 Becker gas chromatograph with a flame ionization 
detector (Hietanen et at., 1982). 

3. RESULTS 

The two major fatty acids in plasma phospholipids of both asthmatic and healthy 
subjects were palmitic acid (16 : 0) and cis-linoleic acid (18 : 2(6) (Fig. 2). The 
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FIGURE 2. The fatty acid composition of plasma phospholipids in asthmatic and healthy subjects 
as percentage of total fatty acids in plasma phospholipids. Asthmatic patients (n = 10) were 
compared to control subjects (n = 7) with Student's t-test: *2P < 0.05. 
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amounts of the eicosanoid precursor fatty acids, arachidonic acid (20 : 4w6), di
homogammalinolenic acid (20 : 3w6), and eicosapentaenoic acid (20 : 5w3) were 
rather similar in asthmatic patients and in healthy subjects. In plasma phospholipids 
of asthmatic persons, the percentage distribution was 9.2 ± 0.5% arachidonic acid, 
2.3 ± 0.3% dihomogammalinolenic acid, and 1.6 ± 0.3% eicosapentaenoic acid. 
The corresponding values for healthy subjects were 8.3 ± 0.6, 1.9 ± 0.3, and 
1.3 ± 1.3%, respectively. 

Plasma levels of TxB2 and 6-keto-PGF1a were not significantly different be
tween healthy and asthmatic subjects. In asthmatics, the plasma level of TxB2 was 
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FIGURE 3. The amounts of arachidonate metabolites formed in PMNL of asthmatic (n = 9) 
and healthy (n = 8) persons. The PMNL (about 7 x 106 cells) were incubated with 8 jLM 
[14Clarachidonic acid in the presence or absence of 10 jLM U-60,257 for 2 min, and the me
tabolites were extracted with ethyl acetate at pH 7.4 and 4.5 and analyzed by TLC. The incu
bations with PMNL of asthmatic patients without U-60,257 were compared to those with PMNL 
of healthy persons by Student's t-test. U-60,257 experiments with PMNL of asthmatic subjects 
were compared to the corresponding incubations without U-60,257 by Student's t-test for paired 
data: *2P < 0.05; **2P < 0.01. 



560 KARl PUNNONEN et al. 

0.27 ± 0.03 pmol!ml (n = 29), and that of 6-keto-PGFla was 0.50 ± 0.02 pmol! 
ml (n = 29). In healthy subjects, the corresponding values were 0.20 ± 0.04 pmol! 
ml (n = 10) for TxB2 and 0.55 ± 0.05 pmol!ml (n = 17) for 6-keto-PGF la' Also, 
thromboxane formation during blood clotting was rather similar in asthmatic and 
healthy subjects, as the serum level of TxB2 was 470 ± 60 pmol!ml (n = 29) for 
asthmatic and 550 ± 50 pmol/ml (n = 17) for healthy subjects. 

The nonstimulated PMNL of both asthmatic and healthy subjects were incu
bated with exogenous [14C]arachidonic acid (8 J.LM) for 2 min. In the ethyl acetate 
extract at pH 7.4, the following radioactive bands were detected: group I (L TB4), 
5-HETE, HHT, mono-HETEs (12- and 15-HETE), group II, arachidonate (Figs. 
1, 3). The major metabolites migrated in the vicinity of mono-HETEs (12- and 15-
HETE) as a single band and in the vicinity of HHT. The detected amounts of 
radioactivity were relatively small on the areas of 5-HETE and group I (unlabeled 
LTB4 migrated in the vicinity of the metabolite group I). Group II, with a Rf value 
slightly greater than that of 12-HETE, consisted of a small amount of unidentified 
metabolites. In asthmatic patients, the amount of radioactivity in the areas of LTB4 
and 5-HETE was not significantly changed, but in the vicinity of group II, it was 
slightly decreased (2P < 0.01) when compared to control subjects (Fig. 3). In the 
ethyl acetate extract at pH 4.5, the major metabolites were PGE2 and TxB2. Smaller 
amounts of PGIza , PGDz, and 6-keto-PGFla were also formed. In the PMNL of 
asthmatic patients, there was a slight increase in the formed amounts of PGDz 
(2P < 0.01) and 6-keto-PGFla (2P < 0.05). The amounts of other arachidonate 
metabolites in nonstimulated PMNL did not differ significantly between asthmatic 
and healthy subjects. The amount of cysteine-containing leukotrienes was, in all 
experiments, under the detection limit (20 pmol!sample) of the bioassay on super
fused guinea pig ileum. 

U-60,257 (10 J.LM) had no clear effect on the metabolism of exogenous ara
chidonic acid in PMNL of asthmatic (Fig. 3) or healthy subjects (data not shown). 
U-60,257, however, slightly decreased the amount of radioactivity in the uniden
tified metabolite group II (2P < 0.05) (Fig. 3, pH 7.4). 

4. DISCUSSION 

The present study indicates that the percentages of the eicosanoid precursor 
fatty acids (dihomogammalinolenic acid, arachidonic acid, and eicosapentaenoic 
acid) are not changed in plasma phospholipids of asthmatics. Thus, in asthma, the 
possible changes in the formation of prostaglandins, thromboxanes, and leukotrienes 
are not caused by changes in the relative amounts of these precursor fatty acids. 
Obviously the release of arachidonic acid from platelet phospholipids is not changed 
in asthmatic patients, as thromboxane formation during blood clotting was similar 
in asthmatic and healthy SUbjects. The plasma levels of TxB2 and 6-keto-PGFla 

were also similar in asthmatic and healthy persons. 
The formation of 5-HETE and the metabolites in group I (containing LTB4) 
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was not significantly changed in asthma (Fig. 3). The amount of cysteine-containing 
leukotrienes was under the detection limit of the bioassay in all experiments. Thus, 
the present study indicates that exogenous arachidonic acid is not metabolized in 
substantial amounts to leukotrienes in nonstimulated PMNL of asthmatic patients. 
The present results are in accordance with the previous study on the metabolism 
of arachidonic acid in lung tissue from asthmatics, as only traces of leukotrienes 
were formed when the lung tissues were incubated with exogenous arachidonic acid 
alone (Dahlen et al., 1983). However, substantial amounts of leukotrienes were 
formed in the presence of a specific allergen or the bivalent cation ionophore A23187 
(Dahlen et al .. 1983). 

U-60,257, a prostacyclyin analogue, has been reported to be capable of in
hibiting the formation of both LTB4 (Smith et al .. 1982; Dahlen et al .. 1983) and 
the cysteine-containing leukotrienes (e.g., LTC4, LTD4) (Dahlen et al .. 1983; Bach 
et al .. 1982). As in the present study, the formation of leukotrienes was negligible 
in nonstimulated PMNL of both asthmatic and healthy persons; consequently, no 
changes in the formation of these metabolites could be seen in the presence of U-
60,257. At 10 j.LM, U-60,257 has been reported to slightly increase the formation 
of 5-HETE in human neutrophils (Bach et al .. 1982). In the present study, however, 
the rate of formation of 5-HETE was not changed by U -60,257 in PMNL of asthmatic 
and healthy subjects. 

In the present study, when PMNL were incubated with exogenous fI4C]AA, 
the main metabolite band migrated in the vicinity of 12-HETE. Also, 15-HETE is 
known to migrate in the same area in the TLC system used (Konig et al .. 1982). 
As the formed proportional amount of 15- and 12-HETE in human PMNL has 
earlier been reported to be small (Borgeat and Samuelsson, 1979), it is obvious 
that a part of the metabolites in the mono-HETE band (12- and 15-HETE) repre
sented 12-HETE formed by the small amount of contaminating platelets. Therefore, 
a part of formed TxB2 and HHT was obviously also from platelets. 

As no significant differences were detected between asthmatic and healthy 
subjects in the amounts of the main arachidonate metabolites or 5-lipoxygenase 
products, the present study indicates that the metabolism of exogenous arachidonic 
acid in non-stimulated PMNL is not significantly changed in asthma. The small 
increase in the formation of PGD2 and 6-keto-PGFla in the PMNL of asthmatics 
is obviously of minor importance. 

5. SUMMARY 

The fatty acid composition of plasma phospholipids, and thus also the relative 
amounts of the eicosanoid precursor fatty acids, arachidonic acid (20 : 4(6), di
homogammalinolenic acid (20 : 3(6), and eicosapentaenoic acid (20 : 5(3), were 
rather similar in asthmatic and healthy persons. The percentage of arachidonic acid 
was 8.3 ± 0.6% of the total fatty acids in plasma phospholipids of healthy subjects; 
the corresponding value for asthmatics was 9.2 ± 0.5%. The release of arachidonic 
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acid from platelet phospholipids was obviously unchanged in asthma, as throm
boxane formation during blood clotting was similar in asthmatic and healthy sub
jects. Also, the plasma levels of thromboxane B2 and 6-keto-PGFJ,,,, the stable 
metabolite of prostacyclin, were similar in asthmatic and healthy persons. When 
nonstimulated polymorphonuclear leukocytes of asthmatic and healthy persons were 
incubated with exogenous [J4C]arachidonic acid, the metabolite patterns did not 
significantly differ from each other. The amounts of the 5-lipoxygenase metabolites, 
including 5-HETE and leukotriene B4, formed were small. 
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Induction of Suppressor T Cells 
in Vitro by Arachidonic Acid 
Metabolites Issued from the 
Lipoxygenase Pathway 

NORBERT GUALDE and JAMES S. GOODWIN 

1. INTRODUCTION 

54 

Oxygenated arachidonic acid derivatives are metabolites that issue from both the 
cydooxygenase and the lipoxygenase pathways and act as important local immu
noregulators. The cyclooxygenase products, especially the prostaglandins (PGs) , 
are currently being investigated with regard to their role in the immune response. 
Inhibition of lymphocyte activity is the main function of prostaglandins as immu
noregulators, and PGE2 may be viewed as a macrophage messenger for an inhibitory 
signal to lymphocytes (Goodwin and Ceuppens, 1983). It is likely that PGE2 is a 
biological mediator of a physiological negative feedback mechanism following 
stimulation by antigens (Goodwin et al., 1983). 

The compounds that issue from the lipoxygenase pathway, the eicosanoids, 
have been described more recently. In this chapter, we review the literature linking 
hydroperoxyeicosatetraenoic acids (HPETEs), hydroxyeicosatetraenoic acids (HETEs), 
and leukotrienes (LTs) to regulation of the immune response. First, we briefly 
describe the lipoxygenase cascade that leads to these eicosanoids. 
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2. TRANSFORMATION OF ARACHIDONIC ACID VIA THE 
LlPOXYGENASE PATHWAY 

The tenn "lipoxygenase" is generally understood to denote the enzymes that 
catalyze the production of LTs, but the pathway that finally yields numerous LTs 
also gives rise to many other oxidative derivatives of arachidonic acid (Rabinovitch 
et al., 1981). Among the cells involved in the immune response, macrophages are 
more important than lymphocytes as producers of monohydroxylated fatty acids 
(Rigaud et al., 1979), and one would expect that these compounds, similarly to 
PGs, serve as physiological macrophage-to-lymphocyte messengers. 

Table I lists the monohydroxylated fatty acids found in the supernatant after 
incubation of mouse peritoneal macrophages with exogenous arachidonic acid. 
Arachidonic acid leads to six hydroperoxyeicosatetraenoic acid precursors of mo
nohydroxylated eicosatetraenoic acids. 

Leukotrienes are produced after oxidation of arachidonic acid at C-5, giving 
rise to an unstable compound called 5-HPETE. The steps yielding LTs via the 5-
lipoxygenase pathway are summarized in Fig. I. This pathway is the most important 
mechanism for producing LTs, but novel alternate pathways for leukotriene for
mation acting with enzymes catalyzing the introduction of oxygen at C-12 and C-
15 have also been described (Samuelsson, 1983). 

3. BIOLOGICAL ACTIVITIES OF THE 
LlPOXYGENASE PRODUCTS 

The biological activities and physiological roles of the various lipoxygenase 
products are largely unknown. Leukotriene C4, LTD4, and LTE4 are potent con
strictors of bronchial smooth muscle, approximately four orders of magnitude more 
potent than histamine in this regard (Samuelsson, 1983). Leukotriene C4 and LTD4 
in doses as low as 10-13 M increase microvascular penneability. At slightly higher 
concentrations 00-8 to 10-10 M), LTC4 and LTD4 constrict tenninal arterioles, 
contributing to vascular leakage (Dahlen et al., 1981). Leukotriene C4, LTD4, and 

TABLE I. Monohydroxylated Fatty Acid Production by 
Mouse Peritoneal Macrophages 

Monohydroxylated fatty acids 

12-0H-5,8, 10, 14-Eicosatetraenoic acid 
15-0H-5,8, II, 13-Eicosatetraenoic acid 
II-OH-5,8, 12, 14-Eicosatetraenoic acid 
8-0H-5 ,8,11, 14-Eicosatetraenoic acid 
9-0H-5,7, II, 14-Eicosatetraenoic acid 
5-0H-6,8, II, 14-Eicosatetraenoic acid 

Percentage 

52.0 
15.0 
10.0 
8.5 
8.5 
5.0 
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FIGURE 1. Metabolism of arachidonic acid via the lipoxygenase pathway. 
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L TE4 have also been reported to contract smooth muscle of the stomach and ileum 
in various species and to have possible cardiac effects (Hammarstrom, 1983). 

Leukotriene B4 is a powerful chemoattractant and chemokinetic agent for 
polymorphonuclear leukocytes (PMNs) (Ford-Hutchinson et at., 1980) and also 
stimulates PMN aggregation and adherence to endothelial cells (Goetzl et at., 1983; 
Lewis and Austen, 1981). In addition, lipoxygenase inhibitors reduce, and LTB4 
stimulates, human natural killer (NK) cell activity (Rola-Pleszczynski et at., 1983). 
Several groups have reported that various arachidonic acid metabolites regulate the 
synthesis of other arachidonic acid metabolites. For example, L TC4 stimulates 
leukotriene synthesis in endothelial cells (Benjamin et ai., 1983) and 15-HETE in 
relatively high concentrations (> 10-6 M) inhibits 5-lipoxygenase activity in some 
cell types (Bailey et ai., 1982; Vanderhoek et at., 1980), although it actually 
stimulates leukotriene synthesis severalfold in other cell types (Vanderhoek et at., 
1982). In addition, inhibition of cyclooxygenase leads to "shunting" of arachidonic 
acid into the lipoxygenase pathway, resulting in increased leukotriene production 
in several systems. Indeed, it may well be that some of the physiological effects 
previously described for cyclooxygenase inhibitors are secondary to the increased 
production of one lipoxygenase product or another. 

Because phospholipase A2 activation, the first step in arachidonic acid metab
olism, is probably as ubiquitous a response to stimuli as is adenylate cyclase 
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activation (e.g., Crews et al., 1981), it is safe to assume that the eventual list of 
biological actions of leukotrienes and other lipoxygenase metabolites of arachidonic 
acid will be considerably longer than it is today. One area that remains largely 
uninvestigated is the action of lipoxygenase metabolites in humoral and cellular 
immune responses. Parker and his co-workers (Kelly and Parker, 1979; Kelly et 
al., 1979; Parker et al., 1979) found that compounds that inhibit both lipoxygenases 
and cyclooxygenases inhibit [3H]thymidine incorporation into mitogen-stimulated 
lymphocytes, whereas pure cyclooxygenase inhibitors stimulate the same response. 
These investigators concluded that lipoxygenase metabolites are necessary for mi
togen-induced lymphocyte proliferation. 

Webb and associates (1982) reported that LTB4 and LTE4, in concentrations 
as low as 10-12 M, cause >50% inhibition of phytohemagglutinin (PHA)-induced 
[3H]thymidine incorporation in mouse splenic T cells, whereas much higher con
centrations (10-7 M) inhibit the formation of antibody-producing cells against sheep 
red blood cells (RBC) in Mishell-Dutton cultures. In contrast, in PHA-stimulated 
cultures of human T cells, Payan and Goetzl (1983) found no inhibition of human 
T cell proliferation by LTC4 or LTD4, but they did find some inhibition of prolif
eration and lymphokine production with relatively high concentrations (10-7 M) of 
LTB4. Rola-Pleszczynski et al. (1982) also reported a modest inhibition of PHA
stimulated mitogenesis in human lymphocytes by L TB4 over a wide range of con
centrations with no obvious dose response. More important, these authors observed 
that T cells preincubated with concentrations of LTB4 as low as 10-12 M suppress 
the [3H]thymidine incorporation of fresh, autologous T cells in subsequent PHA
stimulated cultures. 

In 1980, it was clearly demonstrated by Goodman and Weigle (1980) that 15-
HETE, a hydroperoxide derivative of arachidonic acid, inhibits mitogen-induced 
lymphocyte proliferation in vitro. This inhibitory effect was confirmed by Bailey 
et al. (1982) and extended to various HPETEs (Gualde et al., 1981). We examined 
the effects of HPETEs (Gualde et al., 1981) and HETEs (Gualde et al., 1983a) on 
lectin-stimulated [3H]thymidine incorporation in mouse splenocytes (Gualde et al., 
1983a) and in human peripheral blood mononuclear cells (PBMC) (Gualde et al., 
1982). We found that various HPETEs and HETEs diminish [3H]thymidine uptake 
when added in small concentrations (lQ-6 to 10-10 M) to lymphocytes stimulated 
by concanavalin A (Con A) or PHA. When purified human T cells supplemented 
by 5% monocytes were stimulated by PHA or Con A in the presence of 15-HPETE, 
which had been added at the start of the culture, a clear inhibition of proliferation 
was observed. As shown in Table II, this eicosanoid-induced inhibition depended 
on the lectin and/or hydroperoxide concentration (Gualde, 1983). 

Therefore, it became obvious that many of the molecules produced by the 
lipoxygenase cascade inhibit the lymphocyte proliferative response to mitogens. 
Suppressive activity induced in vitro by 15-HPETE and by 15-HETE was also 
observed during the allostimulation procedures. For instance, when C57Bl/6 re
sponder splenocytes were cocultured with DBAl2( - )-irradiated stimulator cells, 
thymidine uptake by proliferating B6 clones was diminished by adding 15-HPETE 
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TABLE II. 15-Hydroperoxyeicosatetraenoic Acid Inhibition of Human T Cell 
Proliferation in Vitro 

Percentage of inhibition (mean ± S.D.) 

Concentration 4 x I(}""'!M 4 x 10-7 M 4 x I~M 
Mitogen (fLg/ml) 15-HPETE 15-HPETE 15-HPETE 

PHA 5 20 ± 23 43 ± 26 80 ± 18 
PHA 10 6 ± 13 43 ± 34 62 ± 20 
Con A 10 44 ± 30 56 ± 25 90± 9 
Con A 20 41 ± 19 74 ± 18 94 ± 12 

or 15-HETE, and the subsequent generation of B6 anti-D2 killer T cells was re
stricted (Gualde et al., 1981). The immunosuppressive activity of 15-HPETE on 
human T lymphocytes was studied more carefully when the cells carrying the OKT4 
marker of the helper/inducer subset and the lymphocytes positive for the OKT8 
marker of the suppressor/cytotoxic subset were sorted and separately stimulated 
with PHA or Con A in the presence of 15-HPETE (4 x 10-6 to 4 X 10-8 M). It 
was noticed that, in terms of proliferative reponse to lectins, the OKT4( +) T cells 
were less inhibited than the OKT8( +) T cells (Gualde et al., 1985). 

4. INDUCTION OF SUPPRESSOR CELLS BY 15-HPETE 
AND 15-HETE 

We preincubated B6 lymphocytes for 24 hr in culture media with or without 
15-HPETE or 15-HETE. When added to cocultures of fresh B6 cells and D2-
irradiated stimulator cells, the treated cells partially inhibited the proliferative re
sponse of the B6 cells (Aldigier et al., 1984). One possible explanation for this 
result is that mouse lymphocytes incubated with 15-HPETE or 15-HETE acquire 
a suppressive activity. 

The same phenomenon was observed with human T cells (Gualde et al., 
1983b). Purified human T cells preincubated with 15-HPETE no longer supported 
immunoglobulin production by fresh, autologous, pokeweed mitogen (PWM)-stim
ulated B cells in the presence of fresh, autologous T lymphocytes. 

We extended these observations on the phenotypic nature of eicosanoid-induced 
mouse and human suppressor cells. When mouse splenocytes were incubated in 
vitro for 48 hr with 15-HETE 00-5 to 10-8 M final concentration), we noticed an 
increase in the percentage of cells carrying the Lyt-2( +) antigen (Mexmain et al., 
1984) (Table III). 

We also observed that when human T cells were similarly preincubated with 
15-HPETE and were treated with an anti-OKT8 monoclonal antibody plus com
plement, the suppression of IgG production was eliminated. However, when the 
suppressor OKT8( + ) cells were eliminated before the preincubation, the generation 



570 NORBERT GUALDE and JAMES S. GOODWIN 

TABLE III. Modification of Splenocyte Lyt Markers by 15-HETE 

Preincubation 

Medium 
15-HETE 

Lyt-1( + )2( -) cells Lyt-1( - )2( +) cells 

30 ± 8 
35 ± 6 

8 ± 3 
14 ± 5 

of new suppressor cells by 15-HPETE was not affected (Gualde et at., 1983b). 
A possible explanation for the above data is that 15-HPETE and 15-HETE 

might convert a population of nonsuppressor lymphocytes to a subset of suppressor 
cells. For instance, 15-HPETE might change OKT8( -) presuppressor T cells into 
OKT8( +) suppressor cells. This hypothesis is sustained by the following experi
ment. 

T cells and OKT8( -) T cells were incubated separately for 24 hr with or 
without 15-HPETE. The percentage of cells bearing suppressor surface markers 
was then determined by flow microfluorograph analysis following incubation with 
a directly fluoresceinated antibody. In the OKT8( - ) T cell populations treated by 
15-HPETE, we observed a large increase in suppressor OKT8( +) cells (Gualde et 
at., 1983b). 

The problem was then to determine if the increase in the percentage of cells 
carrying suppressor surface markers was merely a membrane phenomenon resulting 
from the expression or relocation of hidden OKT8 or Lyt-2 antigens or if it was a 
mechanism related to cell proliferation and differentiation. We therefore studied 
the cell cycle of 15-HETE-treated lymphocytes using flow microfluorograph analysis 
of nuclear DNA following ethidium bromide staining. We observed that 15-HETE 
increased the perecentage of cells in the G2 phase after 41 hr of preincubation and 
that this increment was preceded from the 17th to the 22nd hour by an increase of 
cells in the S phase. 

5. INDUCTION OF SUPPRESSOR CELLS BY L TB4 

We have observed that LTB4 is a potent suppressor of polyclonal Ig pro
duction in PWM-stimulated cultures of human peripheral blood lymphocytes, 
whereas LTC4 and LTD4 have little activity in this system (Atluru and Goodwin, 
1984). Preincubation of T cells with LTB4 in nanomolar or picomolar concen
trations renders these cells suppressive of Ig production in subsequent PWM
stimulated cultures of fresh, autologous Band T cells. This LTB4-induced sup
pressor cell is radiosensitive, and its generation can be blocked by cycloheximide. 
The LTB4-induced suppressor cell is OKT8( +), whereas the precursor for the 
cell can be OKT8( -). The induction of OKT8( -) T cells with LTB4 for 18 hr 
results in the appearance of the OKT8( +) on 10-20% of the cells, and this can 
be blocked by cycloheximide but not mitomycin C. 

What is striking about our finding is the very low concentrations of LTB4 
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required for supressor cell induction. As little as 10-12 M caused significant inhibition 
of IgG production when added to PWM-stimulated cultures or when preincubated 
with T cells (Table IV). Indeed, LTB4 is three to six orders of magnitude more 
potent than either PGE or histamine. It is interesting to contrast the extreme potency 
of LTB4 in suppressor cell induction with its relative lack of effectiveness in in 
vitro assays of cellular immunity. Payan and Goetzl (1983) reported a relatively 
modest inhibition of PHA-induced proliferation and lymphokine generation by 10-7 

and 10-6 M L TB4, with no effect of lower concentrations. Rola-Pleszczynski and 
associates (1982) also reported a small degree (-20%) of inhibition of PHA- or 
Con-A-induced proliferation of human lymphocytes by LTB4. In contrast to our 
findings with L TB4, we feel that the relatively high concentration of 15-HPETE 
that was required to induce suppression suggests that perhaps a metabolite such as 
a novel 14,15-leukotriene is the active agent responsible for suppressor cell gen
eration. 

6. MECHANISM(S) OF LlPOXYGENASE PRODUCT
INDUCED IMMUNOSUPPRESSION 

There is a good deal of evidence that lipoxygenase arachidonic acid metabolites 
suppress the immune response, but the mechanism of this immunosuppression is 
not yet clear. 

TABLE IV. Effect of Preincubating T Cells for 18 Hr 
with Leukotrienes on the Production of IgG and IgM in 

Subsequent PWM Cultures with Fresh Autologous B CellsB 

T cells 
pre incubated IgG Percent IgM Percent 

Cells with (ng/ml) inhibition (ng/ml) inhibition 

B 93 ± 10 23 ± 6 
B + T 0 1101 ± 124 315 ± 39 
B+T 10-12 M LTB. 901 ± 93b 18 ± 4 285 ± 31' 9 ± 3 
B+T 10-11 M LTB. 752 ± 112b 32 ± 4 208 ± 27b 34 ± 4 
B + T 10-10 M LTB. 531 ± 102b 52 ± 5 214 ± 14b 32 ± 3 
B+T 10-9 M LTB. 348 ± 105b 68 ± 5 191 ± 19b 39 ± 3 
B+T 10-8 M LTB. 258 ± 98b 76 ± 4 129 ± 17b 59 ± 4 
B + T 10-9 M LTC. 963 ± 84b 12 ± 3 287 ± 46' 9 ± 3 
B + T 10-8 M LTC. 957 ± 96b 13 ± 6 288 ± 33' 8 ± 4 
B+T 10-9 M LTD. 991 ± 114b 10 ± 4 291 ± 34 8 ± 4 
B+T 10-" M LTD. 909 ± 106b 17 ± 4 278 ± 41' 12 ± 3 

'T lymphocytes were incubated with leukotrienes LTB4 , LTC" or LTD, for 18 hr, washed three times with PBS, and 
cultured with fresh, autologous B cells at 10' T cells plus 2.5 x 10' B cells. Viabilities of LTB4-preincubated cells 
were >95.0% as determined by trypan blue dye exclusion test. Results are expressed as means ± S.E.M. from 
experiments on cells from five different subjects. 

b Significantly different from control by paired (-test with P < 0.001. 
'P < 0.05. 
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It is possible that these Jipoxigenic metabolites can affect an entire lymphocyte 
population merely by altering the physical properties of the lymphocytes. We ob
served that both 15-HPETE and 15-HETE dramatically modify the viscosity of the 
plasma membranes of splenocytes, as mentioned above (Gualde, 1983). Thus, there 
is a chance that 15-HPETE and 15-HETE suppress in vitro lymphocyte activity by 
causing rigidity of the lymphocyte membranes, thereby blocking receptor mobility, 
which is necessary for the initiation of mitogenesis. 

It was also observed by Bailey et al. (1982) that 15-HETE modifies lymphocyte 
metabolism somewhat, mostly inhibiting 12-HETE and 5-HETE synthesis. In ad
dition, it is well known that 15-HPETE inhibits the synthesis of PGI2 (Salmon et 
al., 1978), and Honn et al. (1983) postulated that the increase in tumor metastasis 
observed after intravenous injection of 15-HPETE is caused by enhanced platelet 
aggregation resulting from the decrease in PGI2 synthesis. 

Hydroperoxy acids cause a rise in the level of intracellular cyclic guanylate 
monophosphate (cGMP) (Harbon et al., 1983), a phenomenon usually associated 
with enhanced cell activities such as lymphocyte proliferation (Strom et al., 1977). 
According to our preliminary data, 15-HETE increases lymphocyte cGMP (Gualde 
et al., 1984). If this is true, the effects of 15-HETE on lymphocyte metabolism 
are quite contradictory, i.e., (I) augmentation of cGMP, which gives rise to pro
liferation, and (2) inhibition of 5-HETE production, which leads to immunosuppres
sion (Bailey et al., 1982). However, changes in the physical state of the cell 
membrane or in cell metabolism cannot explain how the sensitivity of human 
lymphocytes to 15-HPETE is HLA linked (Gualde et al., 1982) or why OKT8( +) 
cells are less sensitive to 15-HPETE than the OKT4( +) cell subset with regard to 
mitogen-induced thymidine uptake (Gualde et al., 1985). 

Rola-Pleszczynsky et al. (1982) obsrved that the immunosuppression induced 
by LTB4 is related to the generation of immunosuppressive cells, and it is likewise 
probable that eicosanoid-induced immunosuppression involves more than cell me
tabolism or the physical state of the cell membranes. Since we observed contra
dictory phenomena induced by 15-HPETE and by 15-HETE, namely, inhibition of 
the proliferative response of lymphocytes versus augmentation of intracellular cGMP 
and the synthesis of DNA, we speculate that both 15-HPETE and 15-HETE induce 
differentiation and proliferation of a subset of presuppressor cells, giving rise to 
suppressor OKT8( + ) or Lyt-2( +) lymphocytes. If this hypothesis is correct, the 
increase in the level of cGMP and in the synthesis of DNA is related to the 
proliferation of the suppressor subset. 

7. CONCLUSION 

Although it is clear that LTB4 and 15-HPETE cause induction of suppressor 
cells in vitro, there is no evidence that endogenous LTB4 or 15-HPETE play roles 
in any in vitro or in vivo model of suppressor cell generation. It is interesting to 
note, however, that glucocorticosteroids inhibit suppressor cell generation in many 
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in vitro and in vivo models (e.g., Waldmann et al., 1976; Tosato et al., 1979, 
1980). It is currently thought that the action of steroids at the cellular level is 
mediated by the synthesis of a phospholipase A2 inhibitory protein, termed lipo
modulin (Hirata et at., 1980) or macrocortin (Blackwell et al., 1980), and that this 
inhibitory protein prevents the release of arachidonic acid from membrane phos
pholipids. Thus, many or all of the actions of steroids may be mediated by inhibition 
of arachidonic acid metabolism. If steroids prevent suppressor cell generation by 
inhibiting arachidonic acid metabolism, then one would expect to find an arachidonic 
acid metabolite that at physiological concentrations stimulated suppressor cell gen
eration. Because cyclooxygenase inhibitors such as indomethacin do not inhibit 
suppressor cell generation (Goodwin, 1980; Soppi et at., 1980; Badger et ai, 1982), 
it is logical to assume that a lipoxygenase metabolite and not a cyclooxygenase 
metabolite of arachidonic acid is responsible for the suppressor cell generation. Our 
findings of suppressor cell generation by physiological concentrations of L TB4 and 
higher levels of 15-HPETE are certainly consistent with that concept. Further work 
should be directed towards the question of whether addition of physiological con
centrations of L TB4 can reverse the inhibition of suppressor cell generation or 
function caused by corticosteroids. 
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Novel Aspects of Aspirin Action 

G. A. FITZGERALD, I. A. G. REILLY and 
A.K. PEDERSEN 

1. INTRODUCTION 

55 

Aspirin acetylates and irreversibly inhibits the enzyme cyclooxygenase (Roth and 
Majerus, 1975). Recent studies (Patrignani et al., 1982; FitzGerald et al., 1983; 
Weksler et al., 1983) have clarified the dose-response relationships between aspirin 
and the production of prostacyclin (PGIz) and thromboxane (Tx)A2' the predominant 
cyclooxygenase products formed by vascular endothelium and platelets, respectively 
and indicate that doses of aspirin less than 100 mg have a more pronounced effect 
on Tx formation both in vivo (Patrignani et al., 1982; FitzGerald et al., 1983) and 
ex vivo (Weksler et al., 1983). Possible explanations for such "biochemical selec
tivity" have included differential tissue sensitivity to enzyme inhibition by aspirin 
and/or accelerated recovery of PG12 formation by nucleated endothelial celis, a 
phenomenon demonstrable in culture (Jaffe and Weksler, 1979). To address the 
possibility that pharrnacokinetic variables might also contribute to such dose-related 
pharmacodynamic effects of aspirin, we have characterized the dose-related kinetics 
of aspirin and identified a selective mode of drug delivery that relies on platelet 
acetylation in the presystemic circulation, sparing systemic vascular endothelium 
from drug exposure. 

2. METHODS 

To conduct pharmacokinetic studies of "low" -dose aspirin, we developed a 
stable isotope dilution assay of requisite (~1O ng/ml) sensitivity employing gas 
chromatography-mass spectrometry (Pedersen and FitzGerald, 1985). The use of 
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heptadeuterated analogues of aspirin and salicylate as internal standards permitted 
the performance of classic dose-related bioavailability studies in animals (Pedersen 
and FitzGerald, 1985) and man (Pederson and FitzGerald, 1984), coadministering 
native aspirin orally with tetradeuterated aspirin intravenously (Fig. 1). Although 
the systemic bioavailability of aspirin approximated 50% over the dose range 20 
to 1300 mg, we noted a substantial fall in TxB2 generation in serum ex vivo prior 
to the detection of aspirin in the systemic circulation following dosing with 20 mg. 
Serum TxB2 declined further coincident with peak plasma aspirin concentration. 
These data were consistent with a mixed presystemic and systemic effect of aspirin 
at this dosage. This interpretation was supported by experiments that demonstrated 
that inhibition of Tx in serum ex vivo was less than that by simulated corresponding 
peak systemic aspirin concentrations in whole blood in vitro. 

To test the hypothesis that drug delivery might be designed so that first-pass 
extraction approached totality, we recently administered I mg aspirin every 30 min 
for 10 hr to volunteers and compared the effects on Tx production to that of a single 
20-mg capsule (Reilly and FitzGerald, 1984). Cumulative inhibition of serum TxB2 

PLASMA 
CONCENTRA TlON, 
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FIGURE 1. Plasma concentrations of native (Do) and tetra-deuterated (04) aspirin followed 
simultaneous oral and intravenous administration of the native and tetra-deuterated forms re
spectively. Plasma concentration time curves are also shown following oral administration of 
20 mg native aspirin. 
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formation occurred during the dosing interval with the simulated slow-release prep
aration, and the extent of Tx depression was ultimately more pronounced than that 
attained after the 20-mg capsule. Aspirin was only detected in the systemic cir
culation after the latter formulation. To further support the notion that the slow
release preparation acted predominantly presystemically, recovery of serum TxBz 
after dosing corresponded to platelet life-span but without the 1- to 2-day "lag" 
corresponding to megakaryocyte exposure to aspirin (Roth and Majerus, 1975). 

3. DISCUSSION 

The dose-related biochemical selectivity of aspirin may reflect differential 
tissue sensitivity to enzyme inhibition. However, published data are conflicting on 
this issue. Similarly, although recovery of PGlz after aspirin is accelerated in vitro, 
this may not be the case either in vivo (FitzGerald et al., 1983; FitzGerald and 
Oates, 1984) or in vascular tissues ex vivo (Weksler et al., 1983; Hanley et al., 
1981). These studies suggest the possibility that pharrnacokinetic factors may con
tribute to pharmacodynamic selectivity in vivo. 

The importance of preserving PGIz biosynthesis during platelet inhibition in 
man is presently unknown, and factors other than poor biochemical selectivity are 
likely to have contributed to equivocal results with aspirin in the secondary pre
vention of myocardial infarction. However, although little PGIz is produced under 
physiological circumstances in man (FitzGerald et al., 1981), production may be 
increased in syndromes of platelet activation consistant with a local homeostatic 
role in vivo (FitzGerald et al., 1984). The demonstrable efficacy of aspirin (325 
mg daily) in unstable angina when therapy is instituted rapidly (Lewis et al., 1983) 
and the improvement in aortocoronary bypass graft patency with lower doses (100 
mg) of aspirin (Lorenz et al., 1984) reflect the utility of this compound as a platelet 
inhibitor in vivo. Should future evidence confirm the importance of coincidentally 
preserving PGIz biosynthesis, it is likely that we can take advantage of aspirin 
pharmacokinetics to design an ultimately selective mode of drug delivery. 
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Cyclooxygenase Inhibitors 
An Overview 

RODERICK J. FLOWER 

1. THE BACKGROUND 

56 

The cyclooxygenase inhibitors, as exemplified by the salicylates, are another ex
ample of that group of drugs whose origins lie deep in the folk medicine of many 
cultures and whose therapeutic efficacy was established empirically long before a 
plausible reason or explanation for their action emerged. 

The exploitation of such drugs tends to have a definite pattern. First, the 
medicine in the form of a crude plant or animal tissue extract is given to one or 
more sick people, almost invariably for the wrong reason, and it is found to be 
effective. Later, often much later, the active principle of the crude extract is isolated, 
identified, and synthesized. Finally, the mechanism of action of the drug is elu
cidated, and this generally triggers an intense interest in the drug in question and 
stimulates efforts to discover other compounds having the same or similar action. 

The early history of the salicylates is familiar to most people (see Rodnan and 
Benedek, 1970, for an excellent review). It is interesting that two of the most 
frequently employed antiinflammatory drugs, the salicylates and colchicine, were 
both known to ancient physicians who employed decoctions of willow bark and 
extracts of roots and bulb of Colchicum autumnale to treat gout and other joint 
pains, as we do today. To understand how and why the salicylates in general, and 
aspirin in particular, came to be introduced into our present-day pharmacopea we 
have to return to the 19th century. 

The first reliable and quantitative scientific instrument to be put to use in 
clinical medicine was probably the clinical thermometer. Its introduction in 1861 
enabled physicians for the first time to gauge objectively the efficacy or otherwise 
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of their antipyretic treatments, which at this time included such heroic measures as 
the use of cold baths and alcohol rubs. Actually, it had been realized for some time 
that quinine, a principle derived from Cinchona bark (commonly called "Peruvian 
bark" at the time), exerted a beneficial effect on the febrile patient, but this was 
generally held to be a simple "tonic" action of the drug. With the advent of the 
thermometer, however, it became clear that quinine possessed a rather specific 
antipyretic action. As a consequence, this agent enjoyed wide popularity for many 
years as an antipyretic agent. Indeed, it would almost be true to say that it was the 
only really effective agent available. When the blockading tactics adopted by 
Napoleon made Peruvian bark a scarce and expensive commodity, a search for an 
alternative drug became imperative. 

Fortunately, the bark of the willow, and several other trees, was known to 
contain antipyretic substances and had in fact been employed as such by the prac
titioners of folk medicine in many lands since the time of Hippocrates himself. Its 
use in Europe seems to date from about the middle of the 18th century, and the 
credit for its rediscovery is usually ascribed to a country parson, the Reverend 
Edmond Stone of Chipping-Norton in Oxfordshire. He had accidentally tasted 
willow bark and found its bitter flavor strongly reminiscent of that of the Peruvian 
bark. In his own words, this similarity 

immediately raised in me a suspicion of its having the properties of the Peruvian bark. 
As this tree (the willow) delights in a moist or wet soil, where agues chiefly abound, the 
general maxim that many natural maladies carry their cures along with them or that their 
remedies lie not far from their causes was so very apposite to this particular case that I 
could not help applying it; and this might be the intention of Providence I must own had 
some weight with me (Stone, 1763). 

This technique of drug discovery is unfashionable nowadays, but the results 
obtained by the Reverend Stone seemed unequivocal, and he reported as much in 
his original letter to the Royal Society. He continued to use the powdered bark for 
some years "and never failed in the cure, except in a few autumnal and quartan 
agues .... " 

The bitter principle of the common white willow (Salix alba vulgaris) was a 
glucoside salicin. This was first isolated in a pure form in 1829 by the French 
pharmacist Leroux, who also demonstrated the antipyretic effect of the pure com
pound. When hydrolyzed, salicin yields glucose and salicylic alcohol. The latter 
can be converted to salicylic acid in vivo or by chemical manipulation. Salicylic 
acid was soon being prepared from extracts of other plants too, including oil of 
wintergreen as well as a relative of the rose, a shrub called Spiraea ulmaria. 
Acetylsalicylic acid itself is said to have been synthesized first by the French chemist 
Charles Gerhardt in 1853. Gerhardt's drug seems to have been forgotten for almost 
half a century, but meanwhile progress was made on other fronts: a feasible com
mercial organic synthesis (from phenol and carbon dioxide) had been discovered 
by Kolbe and his colleague Lautermann by the mid-1870s, and the sodium salt was 
discovered to be an effective antipyretic drug. A few years later, in the 1880s, the 
drug was also in use as a treatment for gout as well as as an antiseptic compound. 

The popUlarity of salicylic acid led to the founding (by one of Kolbe's students) 
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of a company devoted to the commercial synthesis and distribution of salicylic acid. 
It was probably the success of this venture that prompted Frederick Bayer to actively 
search for a salicylate derivative of comparable (or, if possible, superior) efficacy 
to salicylic acid itself. Felix Hoffman was the name of the young chemist at Bayer 
who was given this task: he also had personal reasons for wanting a more acceptable 
salicylic acid derivative. His father, who had been taking salicylic acid for many 
years to treat his arthritis, had recently discovered that he could no longer take the 
drug without vomiting. Impelled then as much by filial affection as dedication to 
his job, Hoffman searched through the scientific literature, learned about the work 
of Gerhardt, and prepared samples of acetylsalicylic acid. After initial laboratory 
tests, Hoffman's father was given the drug to test and pronounced it effective, and 
this was later confirmed by a more impartial clinical trial. 

The name "aspirin" was given to the drug by Bayer's chief pharmacologist, 
Hermann Dresser, who was anxious to find a name that could not possibly be 
confused with salicylic acid itself. At least two accounts are given for Dresser's 
choice of this name: some authorities maintain that the drug was named after St. 
Aspirinius, an early Neopolitan bishop, who was the patron saint against headaches. 
A more prosaic explanation is that the drug was derived from Spiraea. This, you 
will recall, was the botanical name for the genus of plants from which salicylic 
acid had once been prepared. According to this explanation, the prefix "a" sym
bolized the acetyl group, and "spirin" indicated the origin of the salicylic acid. 

The new synthetic compounds rapidly displaced willow bark and encouraged 
widespread clinical testing. By the early years of this century, the chief therapeutic 
actions of aspirin (and sodium salicylate itself) were known to be antipyretic, 
antiinflammatory, and analgesic effects. With the passing of time, several other 
drugs were discovered that showed some or one of these effects. Among these were 
antipyrine, phenacetin, acetaminophen, phenylbutazone, and more recently, the 
fenamates, indomethacin, and naproxen together with their congeners. On the basis 
of their pharmacology, all of these drugs were termed "aspirinlike." 

In concluding this section, it is worth noting that the active ingredient in willow 
bark, salicin, would have to undergo several metabolic transformations to become 
the presumed pharmacophore, salicylic acid. Although it was the first cyclooxy
genase inhibitor ever employed, salicylic acid is probably the most complex agent 
of all, as we shall see. 

2. THE NOTION OF CYCLOOXYGENASE INHIBITION 

Several ideas were advanced about how the aspirinlike drugs worked. There 
were attempts to link their action to a biochemical effect, on oxidative phosphor
ylation, or other aspects of general cellular metabolism. Most of these ideas ulti
mately foundered, although they have helped us to understand some of the toxic 
side effects of the drugs (see Smith and Dawkins, 1971, for a comprehensive 
review). 

Collier's contribution to the problem was much more important. He called 
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aspirin an "antidefensive" drug becuse of its ability to prevent the physiological 
defense mechanisms of pain, fever, and inflammation from functioning normally. 
Together with his group, Collier demonstrated that aspirin blocked bronchocon
striction in guinea pigs caused by SRS-A and bradykinin injection and also blocked 
the contraction of the isolated tracheobronchial muscle induced by the same agents. 

It was not clear how the bronchoconstrictor response was inhibited by aspirin. 
Initially, Collier suggested that "A-receptors" (i.e., those that could be blocked by 
aspirinlike drugs) were involved in the spasmogenic response to these agents, but 
he later abandoned this concept and wrote instead that the drugs acted ". . . rather 
by inhibiting some underlying cellular mechanism ... " (Collier, 1969). 

Vane tells us that the idea that the aspirinlike drugs blocked prostaglandin 
synthesis came to him while writing a review of some experiments in which he and 
Piper had demonstrated that aspirin prevented the release of "RCS" from guinea 
pig and dog lung. At the time, "RCS" was thought by Vane to be an intermediate 
in the generation of prostaglandin biosynthesis, and since agents that released "RCS" 
presumably did so by causing its synthesis, then "a logical corollary was that aspirin 
might well be blocking the synthesis of prostaglandins" (Vane, 1972). 

What followed is now well known. In 1971, three papers appeared in Nature 
demonstrating that several aspirinlike drugs blocked prostaglandin biosynthesis in 
a cell-free system (Vane, 1971), in an isolated perfused organ (Ferreira et ai., 
1971), and in human platelets following oral administration (Smith and Willis, 
1971). The importance of this discovery was heightened because of the growing 
realization that the prostaglandins were involved in the pathogenesis of inflammation 
and fever and pain. 

3. THE DEVELOPMENT OF THE IDEA 

What followed was an intense flurry of interest in the biochemical action of 
the aspirinlike drugs. In the original papers only aspirin, indomethacin, and sodium 
salicylate had been tested as inhibitors, but it was soon demonstrated that nearly 
all the commonly used aspirinlike drugs were inhibitors of the cyclooxygenase 
enzyme (known in those days as prostaglandin synthetase) and, most important, 
that this inhibition could be achieved by therapeutic concentrations of the drugs 
(Flower et ai., 1972). 

There seemed also to be a general correlation between the antiinflammatory 
activity of the drugs and their anticyclooxygenase activity. Indeed, several quite 
striking correspondences were observed, particularly between some pairs of en
antiomers. The observations of Ham and his colleagues (1972) and of Tomlinson 
and co-workers (1972) are especially noteworthy. The latter group observed that 
there was a very impressive correlation between the antienzyme and antiinflam
matory actions in the case of naproxen and its enantiomer. Naproxen itself was 150 
times more potent than aspirin against bovine seminal vesicle cyclooxygenase and 
200 times more potent against adjuvant-induced arthritis in rats. The enantiomer 
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of naproxen was much less potent against the cyclooxygenase (only twice as potent 
as aspirin) and had almost no activity in the arthritis test. Takeguchi and Sih (1972) 
also reported similar findings with another series of enantiomeric pairs and indeed 
took the matter even further and used the anticyclooxygenase test to screen for 
inhibitors, which were subsequently found to have antiinflammatory properties. 

This ability of the cyclooxygenase to distinguish between dextro- and levo
rotatory isomers is lacking in all other in vitro tests of antiinflammatory drugs and 
reinforced the idea that it could be used to pick out candidate compounds for in 
vivo antiinflammatory compounds. Indeed, in an age where many concerned sci
entists are trying to find ways of reducing the numbers of animals used for exper
imental research work, this little enzyme test is of great significance. It is cheap 
to set up, easy to run, and can not only distinguish between isomers of active drugs 
but also is unaffected by most compounds that are not aspirinlike antiinflammatory 
compounds. 

Of course, not all enzyme inhibitors discovered this way are antiinflammatory: 
the test cannot predict whether or not the drug will reach its target when given 
orally, and neither can it reveal drugs that must first be metabolized to active 
compounds. A very interesting case in point is the antiinflammatory sulindac, which 
must be oxidized to its sulfone derivative and then reduced to its sulfide derivative 
in vivo before it becomes active (Van Arman et al., 1976). The biologically active 
(sulfide) form is more than 500 times more active than sulindac itself as an inhibitor 
of the cyclooxygenase, again confirming the correlation between the enzyme test 
and therapeutic activity. 

It is extremely difficult to generalize about the nature of the inhibition of the 
cyclooxygenase by the aspirinlike drugs. Indeed, with one or two exceptions, their 
mechanism of inhibition is unclear. Ku and Wasvary (1973), Smith and Lands 
(1971), and Lands et al. (1973) made valuable observations on the nature of the 
inhibition and concluded that the majority of the common aspirinlike drugs exhibited 
complex "competitive-reversible" kinetics. What can be said is that most of these 
drugs prevent the initial attack on the substrate by the enzyme. 

One drug whose mechanism is reasonably well established is, appropriately, 
aspirin itself. We now know from the elegant experiments of Roth and Siok (1978) 
that aspirin acetylates a serine at the active site of the cyclooxygenase. 

Given the wide disparity in chemical structure, it would be a little surprising 
if all these drugs had an identical mode of inhibitory action. 

4. THE ANOMALIES 

The notion that all aspirinlike antiinflammatories are cyclooxygenase inhibitors 
and that this is how they exert their clinical effects has been widely accepted, but 
there are certain anomalies that have not yet been resolved. 

Ironically, the chief problem concerns the activity of the archetypal drug, 
salicylic acid. Even in the early experiments, it was evident that the in vitro activity 
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of this drug was extremely low compared with its close relative, aspirin. This was 
worrying because in vivo the two drugs appeared almost equiactive, not only in 
their therapeutic indications but in their ability to block prostaglandin formation in, 
for example, inflammatory exudates (Willis et al., 1972) and in man (Hamberg, 
1972). The work of the latter author is especially interesting because it clearly 
demonstrates that oral salicylate reduces the "whole-body" generation of prosta
glandins as estimated by the output of metabolites in the urine. In this interesting 
study, there was a detectable latency in the anticyclooxygenase action of salicylic 
acid when compared to aspirin or indomethacin. 

How could these differences be reconciled? Various authors have suggested 
that salicylic acid has to be metabolized to an active inhibitor (Willis et al., 1972; 
Vane, 1972; Blackwell et al., 1975). The metabolism of salicylate has been fairly 
well investigated, and several metabolites have been tested as putative inhibitors 
of the cyclooxygenase. Although it is true that certain dihydroxy acid metabolites 
of salicylic acid were considerably (about 34 times) more potent cyclooxygenase 
inhibitors than the parent compound (Flower, 1974; Blackwell et al., 1975), because 
of the low conversion to these compounds in vivo, it seems unlikely that the 
formation of these substances could account for the full observed activity of salicylic 
acid. It is quite likely that some hitherto undiscovered metabolite, maybe even 
aspirin itself, is responsible for the anticyclooxygenase action of salicylic acid. It 
is indeed an irony that the first antiinflammatory used by man, and the simplest 
drug from the chemical viewpoint, should have such a complex mode of action. 

Another problem of a similar nature arose with the drug acetaminophen (par
acetamol). This drug is a potent antipyretic and analgesic agent. The drug did not 
seem active on micro somes from spleen. This seemed to fit with the latter activity 
but not the former. Flower and Vane (1972) published data suggesting that acet
aminophen was more active on brain cyclooxygenase than on that of peripheral 
tissues and that this explained the apparent differences in biological activity. At the 
time this provoked a bitter controversy. Among the subsequent literature, about 
half the papers on the subject have come down in favor of this hypothesis and about 
half against. The latest contribution to this literature, from Toman et al. (1983), 
clearly shows that acetaminophen when given orally does produce a selective in
hibition of brain cyclooxygenase, but the mechanism by which it produces this 
effect (e.g., selective biodistribution, metabolism within the brain to an active drug, 
difference in tissue cofactors, greater sensitivity of the enzyme) was not settled. 

5. THE LEGACY 

Seminal ideas such as the one under discussion have profound effects on the 
future course of science. In the case of the cyclooxygenase inhibitors, many inter
esting leads have been uncovered. 

Some of these spin-offs have been clinical. The realization that aspirinlike 
drugs prevent prostaglandin biosynthesis has suggested new clinical uses (Bartter's 
syndrome, closure of patent ductus) for these drugs as well as explaining some 
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other clinical findings (incidence of prolonged labor, abnonnal bleeding time) that 
commonly follow aspirin ingestion. 

Perhaps the most important legacy of this discovery has been what it has told 
us about the nature of inflammation (and other diseases) and about how we can 
improve on the aspirinlike drugs. The discovery of the lipoxygenase pathways and 
more recently the leukotrienes has led to a change in emphasis in our ideas about 
what we want from an antiinflammatory drug. The realization that although pros
taglandins contribute to the signs and symptoms of inflammation, they do not exert 
any control over the leukocyte traffic that is so crucial to the development of 
inflammation, and the subsequent discovery that certain of the leukotrienes do have 
chemotactic properties, have led us to the belief that it would be advantageous to 
inhibit the leukotriene-fonning lipoxygenases as well as the cyclooxygenase. 

Such drugs are already available (BW755C and phenidone; see Higgs et at., 
1979; Blackwell and Flower, 1978). They were discovered in screening of potential 
antiinflammatory compounds against a cyclooxygenase and lipoxygenase prepara
tion derived from rat lung, an experimental approach directly suggested by the idea 
of testing for antiinflammatory activity by using the prostaglandin-fonning enzymes 
in vitro. These drugs show a pronounced inhibition of leukocyte migration as well 
as of prostaglandin biosynthesis and have proved of immense value as experimental 
tools. 

Finally, in this brief survey I shall mention the steroids. When the anticy
clooxygenase action of aspirin was first discovered, we were naturally interested 
to discover what effect, if any, other types of antiinflammatory drugs had on 
prostaglandin production. The glucocorticoids are the most potent antiinflammatory 
drugs we possess, and to our surprise, they had no effect on the cell-free cycloox
ygenase at all. We concluded in those days that these drugs had a totally different 
mode of antiinflammatory action. We had to revise our ideas though, because it 
soon became evident that these drugs did reduce prostaglandin synthesis in intact 
cells. We now know that this is because of the induction of synthesis and release 
of an antiphospholipase protein (macrocortin, lipomodulin, renocortin) that, by 
inhibiting the phospholipase A2 activity, prevents the release of fatty acid substrates 
from the cell (Blackwell et at., 1980; Cloix et at., 1983; Hirata et at., 1980). 
Naturally, not only the prostaglandins are reduced but all eicosanoids (such as the 
leukotrienes) as well as some other phospholipase-derived products such as lyso
PAF. 

The recognition that we may be able to understand the antiinflammatory effects 
of the steroids in tenns of an antienzyme action is only in its infancy but promises 
to open a new chapter in our understanding of how antiinflammatory drugs work 
and is the most exciting sequel of this whole chapter of experimental pharmacology. 
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1. INTRODUCTION 

57 

This chapter describes some studies on the mechanism of 5-lipoxygenase regulation 
and inhibition and then presents an overview of lipoxygenase inhibitors that are 
active against intact-cell, broken-cell, and purifed enzymes from a variety of sources. 
Although a large number of lipoxygenase inhibitors have been reported, many of 
these are rather nonselective. Some of the lack of selectivity may result from a 
common mechanism of lipoxygenase inhibition by antioxidants and redox regula
tion. It is, therefore, not sufficient to define specificity against broken-cell enzymes. 
A truly diagnostic agent must be specific in cellular systems and in vivo to be of 
utility in defining the role of lipoxygenases in pathophysiology. 

Listed in Table I are some of the more common intact cells in which 5-
lipoxygenase products have been detected and inhibitors have been studied. Poly
morphonuclear leukocytes are isolated from peripheral blood (Palmer and Salmon, 
1983) or induced into the peritoneal cavity by intraperitoneal injection of a partic
ulate irritant such as sodium caseinate (Ham et al., 1983). On stimulation, these 
cells release mono-HETES and di-HETES. It was in this cell that Borgeat and 
Samuelsson (1979) first identified LTB4 and established its mechanism of biosyn
thesis. On the other hand, macrophages synthesize primarily sulfidopeptide leu
kotrienes (Rouzer et al., 1980). An exception is the human alveolar macrophage, 
which releases primarily LTB4 (Fels et al., 1982). RBL-l cells, used by Jakschik 
et al. (1977) in their studies that identified SRS-A as an arachidonic acid metabolite, 
can be carried either in ascites culture, in suspension culture, or as an adherent 
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TABLE I. Sources of 5-Upoxygenase: Intact-Cell Systems 

Cell type 

Polymorphonuclear leukocytes 

Macrophage-monocyte 

Rat basophilic leukemia 
Mast cell-mastocytoma 

Eosinophils 

Epithelial cells 
(keratinocytes) 

T lymphocyte 

Source 

Human peripheral blood 
Guinea pig peritoneal 
Rat peritoneal 
Human alveolar 
Rabbit alveolar 
Mouse pUlmonary 
Mouse peritoneal 
Rat peritoneal 
Cell culture 
Human lung 
Bone marrow culture 
Dog mastocytoma 
CXBG mouse mastocytoma 
Human peripheral blood 
Horse peripheral blood 
Human skin 
Guinea pig skin 
Human 
Mouse 

layer. The CXBG mouse mastocytoma is carried in ascites culture and was the cell 
used by Murphy et al. (1979) to identify SRS-A as sulfidopeptide leukotrienes. 

Leukotriene synthesis in mast cells has subsequently been studied extensively 
using human lung- (MacGlashan et al., 1982) and bone-marrow-derived mast cells 
(Razin et al., 1982). Less available, but certainly of great physiological importance, 
are several other cells that synthesize these leukotrienes such as eosinophils (Weller 
et al., 1983; Turk et al., 1982), skin cells that are primarily keratinocytes (Voorhees, 
1983), and cells of the immune system such as T lymphocytes (Goetzl, 1981). 
Whereas the former release sulfidopeptide leukotrienes and LTB4 , the latter two 
produce lipoxygenase products of the di-HETE or mono-HETE type. 

Broken-cell preparations are also being used to study lipoxygenases (Table II). 

TABLE II. Sources of 5-Upoxygenase: Broken-Cell Systems 

Cell source 

Guinea pig peritoneal PMN 

RBL-l cell 

Mastocytoma P-815 
Potato tuber 

Cell fraction 

100,000 x g supernatant fraction, 
aminobutylsepharose 4B chromatographed 

10,000 x g supernatant fraction 
100,000 x g supernatant fraction 
10,000 x g supernatant fraction 
Purified to homogeneity 
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Although this table focuses on the 5-lipoxygenase, other cells such as platelets and 
neutrophils can be used for the 12- and 15-lipoxygenases, respectively. A nonpar
ticulate fraction or an aminobutyl Sepharose 4B chromatographed fraction from 
sonified guinea pig peritoneal PMN has been used by Ochi et al. (1983) to study 
5-lipoxygenase. This enzyme is stimulated by Ca2+ and a variety of nucleotides, 
especially ATP. The RBL-I cell can be lysed by Dounce homogenization (Jakschik 
et al., 1980) or sonication (Egan et al., 1983). The mastocytoma P-815 is a cell 
line described by Kawamura et al. (1981) in which both cyclooxygenase and 5-
lipoxygenase can be induced by n-butyrate. The 5-lipoxygenase can be isolated in 
the 10,000 x g supernatant fraction. Finally, the 5-lipoxygenase from potato tuber 
purified by Sekiya et al. (1977) has been used by Corey et al. (1980) to prepare 
5-HPETE and most recently was used by Shimizu et al. (1984) to demonstrate that 
this enzyme possesses both lipoxygenase and dehydrase activity. 

These are just some of the intact-cell, broken-cell and purified enzyme systems 
being used to study lipoxygenase inhibitors. For routine evaluation of inhibitors, 
it is advantageous to use intact cells because of the more immediate correlation 
with in vivo activity. However, to obtain more detailed mechanistic information 
and to avoid the possibility of metabolism by or lack of penetration into intact cells, 
broken-cell or purified enzyme preparations provide a more accurate reflection of 
the action on the enzyme. 

2. METHODS 

The 5-lipoxygenase is studied in the supernatant fraction obtained from the 
100,000 x g centrifugation of sonified RBL-I cells (Egan et al., 1983). This cell 
line grows readily in serum and glutamine-enriched Eagle's medium with a doubling 
time of about 18 hr. Many other enzymes are also present in the soluble fraction. 
The supernatant, containing 10 mg of protein/ml, is warmed to 30° for 4 min and 
then incubated with 90 f.LM [14C]arachidonic acid for an additional 4 min. After 
acidification, greater than 95 % of the products and remaining substrate are extracted 
into ether in the presence of ammonium chloride and ascorbic acid. Extracts are 
redissolved in acetone and analyzed either by chromatography on Whatman SG-81 
silica-impregnated paper using ether/hexane/acetic acid (50/50/1) as developing 
solvent or by straight-phase HPLC eluted with hexane/ethanol/acetic acid (95/5/0.1). 
In a standard reaction mixture, 25% 5-HETE and 30% di-HETEs are formed, both 
of which reflect 5-lipoxygenase activity. Although intact RBL-I cells also synthesize 
PGD2 , no cyclooxygenase products are detected in this preparation. 

3. PEROXIDASE DEHYDRASE ACTIVITY 

The most prevalent peroxidase in cells is glutathione peroxidase, which reduces 
H20 2 to H20 and alkyl peroxides to alcohols as it converts reduced glutathione 
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(GSH) to the disulfide. In intact cells, a specific reductase then utilizes NADPH to 
reduce the disulfide and create a cycle that removes H20 2 at the expense of NADPH. 
We have examined the role of this peroxidase in the RBL-l supernatant fraction, 
where the NADPH required to replenish GSH is no longer present (Table Ill). In 
the normal supernatant, there is a minimal effect of added GSH. At 5-10 mM it 
depresses both 5-HETE, the peroxidase product, and di-HETEs, the dehydrase 
products, indicating that it inhibits the 5-lipoxygenase very poorly. 

The supernatant fraction is then partially depleted of GSH by ammonium sulfate 
precipitation. At 60% ammonium sulfate, about half the protein is precipitated. 
Redissolving the precipitate to the original volume reduces the GSH from 450 to 
33 fJ..M. When precipitated in the presence of 1 mM dithiothreitol (DIT), this 
preparation retains virtually all its 5-lipoxygenase activity, representing about a 
twofold increase in specific activity. At 1 mM, DIT inhibits the 5-lipoxygenase 
completely, but when the precipitated protein is redissolved in Dulbecco's medium, 
the DTT is 100 fJ..M, a concentration that does not affect 5-lipoxygenase. In the 
absence of added GSH, 5-HETE formation by the ammonium-sulfate-precipitated 
fraction is decreased 50%, but the total arachidonic acid utilization remains the 
same, and the di-HETE peak increases proportionately. The 5-HETE peak is rein
stated to the original percentage by the addition of 5 mM GSH. These data indicate 
that glutathione peroxidase and the dehydrase compete for the 5-HPETE substrate 
without altering lipoxygenase activity. 

To examine the possibility that this residual peroxidase activity is glutathione 
peroxidase, the supernatant fraction was precipitated three times with ammonium 
sulfate using the same procedure. Again, 5-HETE was depressed about 50% by the 
first precipitation without any loss of 5-lipoxygenase activity and an increase in di
HETE production. However, a second and third precipitation and redissolution 

TABLE III. Peroxidase-Dehydrase Competition 

Added GSH 
Percent of Radioactivity Inhibition (%) 

Enzyme (mM) Di-HETE 5-HETE AA 5-HETE Total 

RBL-I sup. 0 34 20 33 
RBL-I sup. 29 20 37 0 9 
RBL-I sup. 5 27 16 43 20 19 
RBL-I sup. 10 26 15 46 25 24 
(NH.,hS04 ppt. 0 47 10 33 50 +6a 

(NH.,hS04 ppt. I 39 16 34 20 +2 
(NH4hS04 ppt. 5 28 22 38 +10 7 
(NH.,hS04 ppt. 10 28 22 39 +10 7 
RBL-l sup. 0 38 21 29 
(NH.,hS04 ppt. I 0 52 10 23 52 +5 
(NH.,hS04 ppt. II 0 51 10 26 52 +3 
(NH.,hS04 ppt. III 0 45 10 29 52 7 

a Plus ( + ) designates stimulation. 
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caused no change in the ratio of products or 5-lipoxygenase activity despite the 
ultimate dilution of GSH to below 1 f.LM. We therefore believe that there are other 
peroxidase activities in the RBL-l supernatant that give rise to 5-HETE and a labile 
oxidant. This oxidant could be the source of peroxidase-dependent irreversible 
deactivation of the 5-lipoxygenase, a phenomenon that could not be the result of 
glutathione peroxidase, which cycles oxidants internally and does not generate free 
oxidizing species (Egan et at., 1976). 

4. REDOX REGULATION 

The extent of the lipoxygenase reaction can be altered by a variety of redox 
agents. For example. it was demonstrated with soybean lipoxygenase and cycloox
ygenase that depletion of hydroperoxides from the incubation mixture using glu
tathione peroxidase and reduced glutathione depressed enzyme activity (Lands and 
Hanel, 1983). This phenomenon also occurs with 5-lipoxygenase, where 0.05 or 
more units of glutathione peroxidase in the presence of 200 f.LM glutathione de
creases 5-HETE formation in a concentration-dependent fashion (Table IV). In 
accord with this concept, chemical antioxidants such as nordihydroguaiaretic acid 
and BW755C also inhibit 5-lipoxygenase. On the other hand, phenol, which mod
ulates other lipoxygenases with well-documented redox regulation, has no effect 
on 5-lipoxygenase at up to 10 mM, indicating that there is more specificity to 
chemical inhibitors than would be expected based solely on their ability to depress 
the hydroperoxide level in the incubation mixture. 

Although low concentrations of hydroperoxides are required to initiate lipox
ygenases, higher concentrations can cause peroxidase-dependent irreversible deac
tivation. Indeed, the 5-lipoxygenase is inhibited by preincubation with 200 f.LM 
H20 2 or 60 f.LM 15-hydroperoxy PGE1 (l5-HPE1) even in the presence of endo
genous glutathione peroxidase activity. The effect is not observed when hydro
peroxide and arachidonic acid are added simultaneously, characteristic of peroxi
dasedependent inactivation (Egan et ai., 1981). The kinetics of the lipoxygenase 

TABLE IV. Redox Inhibition of 5-Lipoxygenase 

Additive Concentration Inhibition (%) 

GPX: GSH 0.01 unit: 200 f.lM 2 
0.05 unit: 200 f.lM 66 
0.1 unit: 200 f.lM 97 

NDGA 1.7 f.lM 68 
BW755C 4.6 f.lM 55 
Phenol I mM 0 
H20 2 100 f.lM 33 

200 f.lM 87 
15-HPE 1 60 f.lM 100 



598 

on 
CD 

0 
E 

.5 ... 
c 
CD ... 
c 
0 

U 
c 
CD 
C> 
> x 
0 

800 

700 

600 

500 

400 

300 

200 

100 

00 2 3 

ROBERT W. EGAN and PAUL H. GALE 

4 
Time (min) 

5 6 

3 mg/ml 

6 mg/ml 

7 

FIGURE 1. Oxygen utilization by RBL-l lipoxygenase. 

reaction are shown in Fig. 1, an oxygen monitor trace. The reaction is initiated by 
adding 90 f.LM arachidonic acid to RBL-l supernatant at 30°C. Substrate oxidation 
by the 5-lipoxygenase decreases with time, and the reaction ceases irreversibly be
fore all the substrate is consumed. Less enzyme gives less activity, and oxygen 
uptake is inhibited by NDGA. When the enzyme is normally assayed by a single 
determination after 4 min, metabolism is maximal, and the reaction product has 
reached a plateau. 

5. SUBSTRATE INDUCED DEACTIVATION 

Illustrated in Table V is the apparent inhibition from pretreatment of the 5-
lipoxygenase with a substrate. These experiments were performed by incubating 
enzyme with nonradioactive arachidonic acid prior to the addition of [14C]arachidonic 
acid to analyze for enzyme activity. With 4-min preincubation, increasing levels 
of arachidonic acid render the enzyme proportionately less active in the subsequent 
analytical incubation with [14C]arachidonic acid. Thus, a substrate for the enzyme 
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TABLE V. Time-Dependent Inhibition 
by Substrate 

[AA] Preincubation Inhibition 

(I-LM) (min) (%) 

10 4 41 
25 4 64 
50 4 83 

100 4 85 
50 a 6 
50 0.5 42 
50 I 72 
50 2 79 
50 4 83 
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will appear as an inhibitor if given sufficient time to react. The lower set of 
experiments illustrates the time dependence of this phenomenon with 50 liM ar
achidonic acid. When substrate is added without preincubation, it dilutes the 
[14C]arachidonic acid and causes a small artifactual decrease in activity. Inhibition 
increases with preincubation time up to 1-2 min, where the enzyme has finished 
reacting with the unlabeled arachidonic acid (Fig. I). This raises a concern about 
studies using substrate analogues to inhibit 5-lipoxygenase. Because of the kinetics, 
time-dependent inhibition could be caused by the "inhibitor" being a substrate rather 
than an actual inhibitor. 

6. CLASSES OF INHIBITORS 

Although there are specific inhibitors of cyclooxygenase such as aspirin and 
indomethacin, many 5-lipoxygenase inhibitors are nonselective, possibly as a result 
of a common mechanism of lipoxygenase inhibition. Shown in Fig. 2 are the 
potencies of seven symmetrical disulfides against the RBL-I 5-lipoxygenase (Egan 
et ai .. 1983). Percentage inhibition was measured relative to a control reaction with 
no additive. The groups designated by X are listed with the appropriate titration 
curve. Potency was not altered by incubating the compound with enzyme for 4 min 
prior to arachidonic acid addition, suggesting no covalent reaction. Particularly 
potent are those disulfides where X is ortho- or para-methyl, ortho-amino, or 
hydrogen. Less potent disulfides have ortho-acetamido, ortho-aldehydo, or a com
bination of meta-carboxyl and para-nitro substituents. In fact, the latter is Ellman's 
reagent, which is commonly used to titrate sulfhydryl groups. 

Of most interest are the effects of diphenyl disulfide (DPDS) on other arachi
donic-acid-metabolizing enzymes (Table VI). Between I and 500 liM, DPDS has 
no effect on soybean 15-lipoxygenase. Furthermore, it has no effect on vesicular 
gland cyclooxygenase between I and 10 liM, and up to 500 liM, it inhibits only 
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23%, a potency orders of magnitude less than that on the 5-lipoxygenase. On the 
other hand, diphenyl disulfide is much less effective against zymosan-induced LTC4 

synthesis in intact murine peritoneal macrophages where phospholipids are labeled 
with [3Hlarachidonic acid. In that case, the IC50 is 20 j.LM, and prostaglandin 
synthesis is inhibited as effectively as L TC4 synthesis. This non selectivity and 20-
fold decrease in potency suggest that in the macrophage DPDS may not infuse to 
the enzyme. It may be consumed by indiscriminately reacting with plasma membrane 

TABLE VI. Specificity of Diphenyl Disulfide 

Enzyme 

5-Lipoxygenase 
15-Lipoxygenase (soybean) 
Prostaglandin cyclooxygenase 
Murine macrophage 

LTC4 

PGE2 

Activity 

ICso = 1.5 j.LM 
< 10% at 500 j.LM 

23% at 500 j.LM 

ICso = 20 j.LM 
ICso = 20 j.LM 
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sulfhydryl groups. In considering the specificity of inhibitors, this emphasizes the 
importance of analyzing their actions on the various pathways within a given cell 
rather than only on broken-cell enzymes. 

Figures 3-5 show several inhibitors of lipoxygenases divided into three cat
egories: antioxidants, substrate analogues, and miscellaneous. It is possible that 
antioxidants inhibit by depressing peroxides below the level required to support 
lipoxygenase reaction. However, phenol and some other antioxidants do not inhibit 
5-lipoxygenase, suggesting that this may be a class from which specific diagnostic 
agents can be developed. Nordihydroguaiaretic acid (NDGA) was used by Tappel 
et ai. (1953) to inhibit soybean lipoxygenase, where it has an ICso of 5 JJ.M (Sircar 
et al., 1983). In platelets, NOGA inhibits 12-HETE, HHT, and TxB2 formation at 
around 30 JJ.M (Salari et al., 1984). However, as measured by release of products 
from PMN or RBL-l cells, it inhibits 5-lipoxygenase at about 500 .nM. Gossypol, 
used in China as a male contraceptive, has an ICso of 0.2 JJ.M against ionophore
stimulated SRS synthesis in RBL-l cells (Levine, 1983). As with NDGA, it is a 
symmetrical catechol. Does the symmetry have some unexplored relevance? R-
830, another antioxidant, has been reported by Moore and Swingle (1982) to inhibit 
seminal vesicle cyclooxygenase at 0.5 JJ.M and guinea pig lung lipoxygenase at 20 
JJ.M and to possess antiinflammatory properties as measured by carrageenan-induced 
rat paw edema, adjuvant arthritis, and other classical models. 

BW755C and nafazatrom are structurally related to phenidone and are readily 

NDGA 

~ ~H3 yH3 ..t=':r-
HO >=J CH2CH - CH-CH2 ~~ .. OH 

OH OH 

Gossypol Nafazatrom 

CHO OH OH CHO 

H 

R - 83 0 AA-86l 

FIGURE 3. Inhibitors of lipoxygenase: antioxidants. 
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oxidized by enzyme systems such as prostaglandin cyclooxygenase (Mamett et al., 
1982). BW755C is a dual inhibitor of both cyclooxygenase and lipoxygenase path
ways, with IC50 values against lipoxygenase in the platelet, PMN, and broken-cell 
systems between 5 and 30 I-LM (Salari et al., 1984). A great deal of pharmacology 
has been done with BW755C in which it has been demonstrated to suppress SRS 
synthesis (Armour et al., 1981), attenuate antigen-induced bronchospasm (Patterson 
et al., 1981), decrease neutrophil infiltration into inflammatory exudates (Salmon 
et al., 1983), decrease the size of myocardial infarctions (Mullane and Moncada, 
1982), and prevent PMA induction of ornithine decarboxylase (Nakadate et al., 
1982). On the other hand, nafazatrom inhibits 5- and 12-lipoxygenase at 3 I-LM in 
B16a tumor cells without altering the cyclooxygenase in the same cell (Honn and 
Dunn, 1982). This agent possesses antithrombotic, thrombolytic, and antimetastatic 
activity. AA-861, a substituted quinone, is a competitive inhibitor of the 5-lipox
ygenase from sonified guinea pig peritoneal PMN with an IC50 of 0.8 I-LM. In 
contrast, platelet 12-lipoxygenase and seminal vesicle cyclooxygenase are not sig
nificantly inhibited by this agent at 100 I-LM (Yoshimoto et al., 1982). 

Several substrate analogues have also been tested as inhibitors of various 
lipoxygenases and prostaglandin cyclooxygenase. Listed in Fig. 4 are some of the 
more common inhibitors of lipoxygenases that are based on the arachidonic acid 
structure. 5,8,11, 14-Eicosatetraynoic acid (ETY A) inhibits 5-lipoxygenase and cy
clooxygenase in several intact- and broken-cell systems with an IC50 around 5 I-LM 
(Salari et al., 1984), although it appears to be somewhat more effective against the 
12-lipoxygenase from platelets; 5,8, ll-ETY A also inhibits lipoxygenases at 5-10 
I-LM. Several positional isomers of these acetylenic acids have been synthesized, 
including 4,7,10,13-ETY A, which inhibits platelet lipoxygenase with an IC50 of 
0.5 I-LM, although cyclooxygenase is not inhibited comparably until51I-LM (Wilhelm 
et al., 1981). 

Inhibition of individuallipoxygenases and cyclooxygenase by monoacetylenic 
arachidonic acid molecules has led to the observation that 5,6-dehydroarachidonic 
acid selectively inhibits broken RBL-l cell 5-lipoxygenase (Corey and Munroe, 
1982). On the basis of time dependence, this inhibition is reported as irreversible. 
4,5-Dehydroarachidonic acid also inhibits 5-lipoxygenase (Corey et al., 1983), and 
14,15-dehydroarachidonic acid inhibits 15-lipoxygenase (Corey and Park, 1982), 
apparently acting as suicide substrates with K, values of 10-20 I-LM. Substitution 
of methyl groups (7,7-dimethyl-ETEA) at the sites of hydrogen atom abstraction 
has led to weak inhibitors with IC50s around 100 I-LM (Perchonock et al., 1983). 

Demonstrated by Fig. 5 is the breadth of compounds that are being studied as 
inhibitors of leukotriene biosynthesis. U-60,257, discovered by Bach et al. (1982), 
is a PGI2 analogue with a great deal of biological data supporting its ability to 
depress leukotriene synthesis. Of most importance in this regard are the reports by 
Hansson et al. (1983) in antigen-challenged human asthmatic lung tissue. U-60,257 
has also been described as an inhibitor of liver glutathione transferase, an antagonist 
of sulfidopeptide leukotrienes, and an inhibitor of lysosomal enzyme release (Bach 
et al., 1982). Sun and McGuire (1982) have reported that U-60,257 inhibits human 
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peripheral PMN 5-lipoxygenase at 2 ~M without affecting 12-lipoxygenase, 15-
lipoxygenase, or cyclooxygenase. 

Although benoxaprofen inhibits cyclooxygenase more effectively than 5-li
poxygenase, it certainly does inhibit the latter at 50-100 ~M (Walker and Dawson, 
1979), which is below the levels attained in the circulation after prolonged treatment. 
Clinical studies with this agent implicate the lipoxygenase pathway in psoriasis. 
Limited clinical trials by Allen and Littlewood (1983) and by Kragballe and Herlin 
(1983) indicate a dramatic decline in the symptomology of psoriatic patients treated 
with benoxaprofen. Furthermore, antipsoriatic drugs such as anthralin and 6-chloro-
2,3-dihydroxy-1,4-naphthoquinone inhibit 12-lipoxygenase (Bedord et al., 1983). 

5,6-Methano-LTA4 has been reported by Koshishara et al. (1982) to inhibit 
5-lipoxygenase in mastocytoma P-815 cells with an IC50 of 44 ~M and to be at 
least an order of magnitude less potent against the cyclooxygenase in the same cell. 
The prototype SRS-A antagonist, FPL 55712, has also been described by Casey et 
al. (1983) as an inhibitor of 5-HETE and di-HETE formation in intact RBL-1 cells 
with an IC50 of 20 ~M. On the other hand, it did not inhibit PGD2 formation, even 
at 100 ~M. 15-Hydroxyeicosatetraenoic acid (15-HETE) inhibits 5-lipoxygenase 
in rabbit PMN at 6 ~M (Vanderhoek et al., 1980), and verapamil was reported by 
Levine to suppress SRS synthesis at 1.8 ~M in RBL-1 cells (Levine, 1983). 

7. SUMMARY 

In summary, there are a large number of intact-cell, broken-cell, and purified 
enzyme systems being used to detect lipoxygenase inhibitors. From these studies, 
many inhibitors have been reported, several of which are antioxidants. However, 
since most preparations are not purified, it is important to consider the involvement 
of other contaminating enzymes when determining the mechanisms of these inhib
itors. Lipoxygenase activity is extremely sensitive to the redox state of the system, 
including both peroxide activation and peroxidase deactivation. Knowledge of the 
disposition of oxidants within the cell is therefore an essential part of understanding 
the mechanism of lipoxygenase inhibition and the specificity of many of these 
compounds. 
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Inhibitors of Arachidonic Acid 
Metabolism Inhibit Tumor
Promoter-Stimulated 
Chemiluminescence in 
Murine Keratinocytes 

SUSAN M. FISCHER and LAUREL M. ADAMS 

1. INTRODUCTION 

58 

The carcinogenic process can be experimentally divided into stages; this is advan
tageous in developing an understanding of the molecular changes in each stage that 
are essential for the development of neoplasias. One of the best-studied multistage 
models is the mouse skin (Slaga et al., 1980a,b,c). Initiation is the result of a single 
application of a carcinogen, most commonly 7, 12-dimethylbenz[a]anthracene, at a 
dose that causes no tumors. The second stage, promotion, results from the repetitive 
treatment with a tumor promoter such as 12-0-tetradecanoylphorbol-13-acetate (TPA). 
Of all the biochemical and morphological responses of the epidermis to TPA, the 
most important and relevant appear to be the induction of ornithine decarboxylase, 
the induction of dark cells, hyperplasia, and the development of an inflammatory 
state (Slaga et at., 1980b,c,d). 

Investigations into the involvement of arachidonic acid metabolism in TPA 
tumor promotion began with the observation that TPA induces cytotoxicity, in
flammation, and vascular permeability changes (Janoff et al., 1970). There is now 
substantial evidence that TPA induces arachidonic acid metabolism and that PGE2 
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is one of the key prostaglandins induced by TPA (Bresnick et al., 1979; Venna et 
al., 1980). 

Another aspect of tumor promotion affected by the prostaglandins is the TPA 
induction of ornithine decarboxylase (DOC) activity in mouse skin. Venna et al. 
(1977) demonstrated that not only did prior treatment of the skin with indomethacin 
depress the extent of induction of DOC by TPA but also the inhibition by indo
methacin could be completely overridden by the addition of PGE1 and PGE2 but 
not PGF2a (Venna et al., 1977, 1980). These results strongly implicate a role for 
particular prostaglandins in the induction of ornithine decarboxylase, although pros
taglandins alone did not cause induction. 

The above-mentioned studies suggested that tumor promotion could be mod
ified through the application of either exogenous PGs or inhibitors of PG synthesis. 
Our initial approach to this question was to detennine the effect of topical application 
of the PGs either alone or with TPA on initiated mouse skin. As shown by this 
laboratory and others (Fischer et al., 1980a,b; Furstenberger and Marks, 1982; 
Venna et al., 1980), none of the major PGs had tumor-promoting ability when 
used alone. However, studies in which PGs were used in conjunction with TPA 
have shown that the various PGs had either inhibitory or enhancing activity de
pending on the particular PG used. More specifically, PGF2a enhances TPA tumor 
promotion in the SENCAR mouse by up to 60% with 10-f,Lg applications, whereas 
PGE1 reproducibly inhibits tumor promotion at doses as low as 1 f,Lg. Some initial 
studies on PGE2 also indicated that the time of application of the prostaglandin with 
respect to TPA is critical. These findings correlate well with the complete carci
nogenesis experiments of Lupulescu (1978), who found that concomitant admin
istration of either PGE2 or especially PGF2a with 3-methylcholanthrene enhanced 
the fonnation of carcinomas in Swiss mice. 

Although the results of the above studies suggested that the PGs are involved 
in promotion, this approach is complicated by the fact that TPA induces PG synthesis 
on its own, such that the exogenously added PG may affect any nonnal feedback 
mechanisms. For this reason, the next series of studies involved the use of inhibitors 
of various pathways of arachidonic acid metabolism. It was shown many years ago 
that the steroidal antiinflammatory agents, which have been reported to inhibit 
phospholipase A2 , are very potent inhibitors of tumor promotion (Schwartz et al., 
1977; Slaga et al., 1978), as is the phospholipase inhibitor dibromoacetophenone. 

Based on this infonnation, it was hypothesized that the nonsteroidal antiin
flammatory agents such as indomethacin should also inhibit promotion, particularly 
since it has been demonstrated (Venna et al., 1977, 1980) that indomethacin sup
presses TPA-induced DOC activity in the CD-l mouse skin. However, in the 
SENCAR mouse, indomethacin can enhance promotion at doses of 25 to 100 f,Lg 
and inhibit at higher doses (Fischer et al., 198Oc). In additional tumor experiments, 
inhibitors were employed that were effective in blocking both the lipoxygenase and 
cyclooxygenase pathways. These studies show that cyclooxygenase inhibitors (at 
low doses) such as indomethacin and flurbiprofen enhance promotion, whereas 
inhibitors of both lipoxygenase and cyclooxygenase such as ETY A and phenidone 
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inhibit promotion. The most potent inhibitors are those that block arachidonic acid 
release from phospholipids (dibromoacetophenone, dexamethasone). Since these 
results suggested that the lipoxygenase pathway may be more important than the 
cyclooxygenase pathway, it was of interest to determine whether indomethacin 
could cause an elevation of the hydroperoxy fatty acids (HPETEs) in TPA-treated 
epidermis. This was done by using primary cultures of adult mouse epidermal cells 
prelabeled with [14C]arachidonic acid and exposing them to TPA with and without 
indomethacin for appropriate time periods. Thin-layer chromatography, using HPETE 
references kindly provided by L. Mamett, indicated that indomethacin does cause 
arachidonic acid to be shunted into the Iipoxygenase pathway (Fischer, 1984). 

The HPETEs are also interesting in light of the recent work by Siaga et ai., 
(1981) that shows that certain peroxides can act as complete tumor promoters. In 
particular, he has studied benzoyl peroxide, a widely used anti acne agent, which 
is also a free-radical-generating compound. Other free-radical-generating peroxides 
such as lauryl peroxide and chloroperbenzoic acid also have promoting activity 
(T. J. Slaga, unpublished data). The involvement of free radicals in promotion has 
also been suggested by somewhat more indirect evidence from studies using various 
antioxidants as inhibitors of tumor promotion: butylated hydroxyanisole (BHA) 
(Slaga et ai., 1980c), vitamins E and C (Shamberger, 1972), dimethyl sulfoxide 
(DMSO) (Slaga et ai., 1980c), and the superoxide dismutase (SOD) mimetic Cu(ll)
(3,4-diisopropylsalicylic acidh (CuDIPS) (Kensler et al .. 1983) have all been shown 
to inhibit tumor promotion. In addition, CuDiPS and BHA also inhibit TPA-induced 
ODC activity (Kensler and Trush, 1983; Kozumbo et al., 1983). 

Several in vitro studies have been particularly useful in investigating tumor 
promoter generated free radicals. Goldstein et ai., (1981) demonstrated in poly
morphonuclear leukocytes (PMNs) that treatment with TPA results in superoxide 
anion production, as measured by cytochrome c reduction. Antipromoters such as 
dexamethasone, retinoids, and protease inhibitors counteract this effect (Witz et 
al., 1980). Also using PMNs, Kensler and Trush (1981) measured the TPA stim
ulation of oxygen free radicals by a chemiluminescence assay and showed that it 
was inhibitable by SOD and retinoids. 

2. CHEMILUMINESCENCE 

Using PMNs, Trush et ai. (1978) have identified three major sources of oxygen 
radicals in these cells: (1) stimulation of NADPH-dependent oxidative metabolism, 
(2) degranulation and release of myeloperoxidase, a feature unique to PMNs, and 
(3) stimulation of lipid peroxidation and prostaglandin synthesis. This latter is of 
particular interest since work in our laboratory and others (Fischer et ai., 1982; 
Furstenberger and Marks, 1982; Verma et al., 1980) has shown that inhibition of 
arachidonic acid metabolism can inhibit skin tumor promotion in mice. We have, 
therefore, developed a chemiluminescence assay for measuring oxygen free radical 
generation by TPA in the target tissue, i.e., mouse epidermal cells, and have used 
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this assay to determine the relative contribution of arachidonic acid metabolism. 
The chemiluminescence assay, which is an index of both the generation of and 
reactions mediated by 02-' and 102, is a modification of the assay developed by 
Kensler and Trush (1981). Except where otherwise specified, 107 cells isolated 
from newborn SENCAR mice by the trypsinzation procedure of Yuspa and Harris 
(1974) were used in each assay. The assays are performed in glass scintillation 
minivials containing 3 ml Dulbecco's phosphate-buffered saline (PBS) with 0.1 % 
glucose and 1 f-lg/ml luminol, a chemiluminescence enhancer. An LKB-Rackbeta 
ambient temperature scintillation counter, set in the chemiluminescence mode, was 
used to monitor the reaction. After determining the background chemiluminescence 
(CL), solvent or test reagents were added to start the reaction, and the CL was 
monitored for up to 30 min at continuous 50-sec intervals. Dimethyl sulfoxide 
(DMSO) was used as the solvent for TPA and most of the drugs tested. Because 
of solubility and quenching problems with other solvents (acetone or ethanol), in 
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FIGURE 1. Indomethacin inhibition of TPA-induced CL. A representative time course for the 
stimulation of CL by TPA: TPA (100 ng/ml) was added to 107 mouse epidermal cells with and 
without indomethacin at the doses shown, and the response was monitored. 
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some experiments it was necessary to preincubate the cells with drugs and then 
wash them with PBS prior to use in the assay (Fischer and Adams, 1985). 

The CL response of the epidermal cells to TPA as compared to a solvent 
control produces a distinct rise within 5 min and rapidly reaches a peak by 15 min, 
as shown in Fig. 1. The response then diminishes at a slightly slower rate, although 
a strong response is still seen at 30 min. The magnitude of the response correlates 
with the log dose of TPA used (Fig. 2); 1 ng/ml was without significant effect; 
increasing response was seen from 5 ng/ml up to the highest dose used, 500 ngl 

m!. The extent of the response is up to 100 times the solvent control; actual values 
vary somewhat between cell isolations. These TPA concentrations are those com
monly used in in vitro studies with mouse epidermal cells. Unless otherwise spec
ified, 100 ng/ml TPA was used in subsequent studies. For this dose of TPA, a cell
number dose-response curve was constructed, as shown in Fig. 2. The cell number 
chosen for the subsequent inhibitor studies described here was 107 per 3-ml assay. 

A comparison was made of the abilities of a series of tumor promoters of 
varying tumor-promoting activities to generate CL responses at equimolar doses to 
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FIGURE 2. Effect of increasing TPA dose and cell number on epidermal cell chemilumines
cence: (0-0) 107 cells were used per assay with TPA added at the doses shown. The values 
represent those at the peak of the response. (.-.) The TPA was held constant (100 ng/ml), and 
the cell number varied. 
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TPA. As shown in Table I, TPA is the most active of the phorbol esters used. 
Phorbol and phorbol-13,20-diacetate were both without effect at concentrations 
equimolar to and ten times greater than TPA. Phorbol-12,13-dibenzoate gave no 
response at an equimolar dose, a slight rise at ten times, and a more significant 
response at 100 times. The ranking of the phorbol ester series on the basis of the 
CL response correlates very well with their tumor-promoting activity. Mezerein, a 
related diterpene that is a weak complete promoter but strong second-stage promoter 
(Slaga et al., 1980a), has at least the same capacity as TPA to stimulate CL at 
equimolar doses. 

One of the major oxygen radical species thought to be produced on TPA 
activation is the superoxide anion (Trush et al., 1978). Its contribution to CL may 
be direct or indirect, but the significance of its participation can be determined 
through the use of superoxide dismutase, an enzyme specific for the dismutation 
of this radical (Bors et at., 1983). As shown in Table II, inclusion of 50 Ilog/ml 
SOD in the assay nearly negated the TPA-induced CL response. A SOD mimetic, 
CuDIPS, also markedly inhibited the TPA response. Neither catalase, which breaks 
down H20 2 , nor mannitol, a scavenger for hydroxyl radicals, had an appreciable 
effect on TPA-induced CL. Retinoic acid, which has been shown to inhibit TPA 
tumor promotion in mouse skin (Slaga et al., 1980c), was found to inhibit TPA
induced CL as well. Unlike the PMNs, in which Kensler and Trush (1981) showed 
that retinoic acid alone caused an immediate but transient CL burst; no response 
to retinoic acid alone was seen in the mouse epidermal cells. The difference between 
the two cell systems in this regard is not known. 

As has been previously described, inhibitors for various parts of the arachi
donate pathway have been used in TPA tumor promotion studies. These inhibitors, 
with the possible exception of indomethacin, are effective in inhibiting promotion. 
Indomethacin has been reported to cause either enhancement or inhibition depending 
on the dose used (Fischer et at., 1980c) as well as the strain of mouse used 
(Furstenberger and Marks, 1982; Verma et at., 1980). In this study, indomethacin 

TABLE I. Structure-Function Studies on the Ability of Tumor Promoters and 
Related Compounds to Induce ChemiluminescenceB 

Peak CL Relative 
Compound Dose (nM) (% TPA, 162 nM) promoting ability 

TPA 162 100 ++++ 
Phorbol-12,13-dibenzoate 16.2 0 

162 13 ++ 
1620 69 

Phorbol-13,20-diacetate 162 0 ± 
Phorbol 162 0 
Mezerein 162 100 ± 

1620 303 

• Murine epidermal cells (107) were used per 3-ml assay; the cpm at the peak of the response were used to determine 
percentage of the TP A peak. 
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TABLE II. Free-Radical Modifier Effects on TPA-Induced 
ChemiluminescenceB 

Percentage 
inhibition of 

Agent Concentration TPA response 

Superoxide dismutase 155 units/ml 85 
CuDiPSh 10 IJ.M 65 
Catalase 57.6 units/ml 7 

576 units/ml 10 
Mannitol 100 IJ.M II 
EthoxyquIn HCI 0.01 IJ.M 25 

0.1 IJ.M 51 
1.0 IJ.M 63 

Retinoic acid 10 IJ.M 13 
100 IJ.M 22 

Ro-IO-9359' 10 IJ.M 40 
100 IJ.M 72 

, Munne epIdermal cells (10') were used per 3-ml assay. the cpm at the peak of the 
responses were used to determine percent mhlbltion. Experiments were done tWice on 
different cell IsolatIOns. 

h Copper(Il)(3 .5-dilsopropylsal!cylate), 
'Retmoic acid analogue: ethyl-all trans-9-(4-methoxy-2,3,6-tnmethylphenyl)-3,7-dl

methy 1-2.4 ,6,8 -nonatetraenoate 
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gave a dose-response inhibition ofTPA-induced CL, as shown in Fig, 1 and Table 
III, over a dose range of 1 to 100 f..LM. Phenidone, 5,8,11, 14-eicosatetraynoic acid 
(ETYA) and nordihydroguaiaretic acid (NDGA) inhibited TPA-induced CL in a 
dose-response manner. Dexamethasone was without effect even when a 2-hr prein
cubation was used; this may be related to the use of neonatal cells in the assay. 
Arachidonic acid could not be used since it causes a tremendous CL response by 
itself in the reaction mixture (no cells) through a direct reaction with luminol. This 
effect was not observed for any of the other inhibitors either by themselves or with 
cells in the absence of TP A, 

The above finding, that TPA can generate oxygen free radicals in mouse 
epidermal cells, raises several very interesting questions. 

Since leukocyte infiltration is part of the inflammatory state that results from 
TPA treatment of skin (Slaga et ai" 1978), their ability to generate free radicals 
may contribute to the promotion process. However, the fact that TPA also stimulates 
oxygen radical production in epidermal cells suggests that it may not be necessary 
to include leukocytes in a theory on the mechanism(s) of tumor promotion. In 
epidermal cells, TPA not only stimulates radical production, as shown here, but 
also, as shown by Solanki et al. (1981), diminishes the SOD and catalase levels 
(detoxification enzymes for O2-' and H20 2 , respectively), making radical damage 
much more likely. 

Since inhibitors of arachidonic acid metabolism, which have been shown to 
inhibit TPA promotion, also inhibit TPA-induced free radicals that probably arise 
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TABLE III. Effect of Inhibitors of Arachidonate 
Metabolism on TPA-Induced ChemiluminescenceB 

Percentage 
inhibition of 

Drug Concentration (mM) TPA response 

Indomethacin 0.001 36 
0.1 56 

\0 67 
100 86 

Phenidone 58 
\0 74 

100 100 
NDGA b 0.0\ 0 

0.1 \0 
1.0 35 

\0 100 
ETYN \1 

\0 16 
100 91 

, Murine epidermal cells (10') were used per 3-ml assay; the cpm at the peak of 
the responses were used to determine percent inhIbition. Experiments were done 
twice on different cell isolatIons. 

b Nordihydroguaiaretic acid. 
c 5.8, II, 14-Eicosatetraynoic acid; preincubation required. 

from this metabolic pathway, the possibility is raised that the contribution of the 
arachidonate cascade to TPA tumor promotion is not necessarily the specific products 
that are formed but the oxygenation reactions involved in their biosynthesis. 

Perhaps one of the most intriguing of all questions is the identification of the 
target(s) of the free radicals. An excess of oxygen radicals has been known for a 
long time to have numerous effects, including such events as lipid peroxidation, 
polysaccharide depolymerization, enzyme activation or inactivation, and DNA strand 
breaks. At least some of these features may be relevant to tumor promotion, which 
is thought to involve gene activation. Although little or no work has been done in 
this regard on epidermis, several studies using other cells have contributed infor
mation. 12-0-Tetradecanoylphorbol-13-acetate (Yotti et al., 1979), the HPETEs 
(Fischer, 1984), and the tumor promoter and free radical generator benzoyl peroxide 
(Slaga et al., 1981) all inhibit metabolic cooperation as measured in the V-79 
cell-cell communication assay (Yotti et al., 1979). Bimboim (1983) recently re
ported that active oxygen species generated by PMNs in response to TPA can lead 
to extensive DNA damage in situ. Cerutti et al. (1983) have demonstrated the 
production in lymphocytes treated with TPA of a clastogenic factor that induces 
DNA strand breaks. This is inhibited by indomethacin and ETYA as well as SOD. 
Clearly, investigations of this nature are needed in epidermal cells in order to 
elucidate the possible mechanisms of free radical involvement in tumor production. 
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Cyclooxygenase Inhibitors 
Beneficial Effects on Tumor Metastasis 
in Rats 

WILL J. KORT, LORETTE O. M. HULSMAN, 
PIETER E. ZONDERVAN, and 
DICK L. WESTBROEK 

1. INTRODUCTION 

The treatment of cancer patients can be directed against either primary tumor growth 
or the occurrence of tumor metastasis. Many ways are available to achieve such a 
goal. The discovery that cancer cells metabolize prostaglandins gave an important 
impulse to new research studying the effect of inhibitors of prostaglandin synthesis 
on tumor growth. Like normal cells, cancer cells synthesize prostaglandins; how
ever, quantitative and qualitative differences have been observed. In tumor-bearing 
individuals, the balance between prostacyc1in (PGI2) and thromboxane A2 (TxA2 ) 

was sometimes found to be disturbed in favor of TxA2 • Such an imbalance might 
have important implications, particularly with respect to the capacity of tumor cells 
to adhere to vessel walls and thus to the formation of metastases. These facts 
obviously stimulated the study of the effects of nonsteroid antiinflammatory agents 
such as aspirin and indomethacin on tumor growth and metastasis. The results of 
such an experiment, carried out in our laboratory, is presented in this chapter. 

WILL J. KORT, LORETTE O. M. HULSMAN, and DICK L. WESTBROEK • Laboratory for 
Experimental Surgery, Erasmus University, 3000 DR Rotterdam, The Netherlands. PIETER E. 
ZONDERVAN • Department of Pathological Anatomy I, Erasmus University, 3000 DR Rotterdam, 
The Netherlands. 
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2. TUMOR PROSTAGLANDIN SYNTHESIS 

2.1. Determination of Prostaglandin Synthesis 

As many excellent reviews on tumor prostaglandin synthesis are available 
(Bennett, 1979; Honn et al., 1983; Karmali, 1983; Smith et al., 1983; Tisdale, 
1983), in this chapter we confine this survey to a brief summary of the current 
models to study aspirin or other treatment protocols with nonsteroid antiinflam
matory agents on tumor growth and spread. 

Tumor prostaglandin synthesis or prostaglandin synthesis capacity can be de
termined in vivo as well as in vitro. In vitro experiments have the advantage that 
tumor growth conditions can be controlled very carefully; however, there are many 
discrepancies between the results of therapy with cyclooxygenase inhibitors in vitro 
and studies in vivo (Honn et al., 1983). 

A number of different aspects of prostaglandin synthesis in vitro can be es
tablished. First, the prostaglandins themselves or their stable metabolites can be 
determined by means of radioimmunoassays (Caldwell et al., 1972) or bioassays 
(Bennett et al., 1973). Second, the capacity of some prostaglandins to resorb bone 
can be determined by culturing tumor cells in a medium in which bone cells are 
added. (Powles et al., 1976). In such a way, osteolysis can be established as a 
measure of prostaglandin activity. Another mechanism in which prostaglandins seem 
to be involved is the adherence capacity of tumor cells in vitro (Fantone et al., 
1983). The capacity of prostaglandins to inhibit this adherence is used as a measure 
of prostaglandin-induced antiadherence activity. Finally, tumor cells obtained either 
from fresh biopsy material or from tissue culture are able to aggregate platelets 
(Gasic et al., 1976; Evans and Cowie, 1983). This capacity of tumor cells can be 
determined in an aggregometer in which complete blood or platelet-rich plasma has 
been added. 

To study tumor prostaglandin synthesis in vivo, experiments in which a tumor 
is inoculated and growth or metastasis is determined are used as well. For this 
purpose a number of experimental tumors are available, some of which are able to 
metastasize from the inoculated site (Lynch et al., 1978; Blitzer and Huang, 1983); 
however, prostaglandin synthesis and metastasis have been studied more often in 
an artificial model by intravenous injection of tumor cells (Honn, 1983). 

In addition to the direct approach to establish tumor prostaglandin activity with 
the methods mentioned above, an indirect approach can be used as well. If drugs 
that inhibit the cyclooxygenase pathway are given to tumor cells in culture or to 
tumor-bearing animals, prostaglandin involvement can be shown by the changes 
that are produced in the growth characteristics of the tumor. 

2.2. Cyclooxygenase Inhibitors in the Control of Tumor Growth 
and Metastasis 

Tumor prostaglandin activity has been found to be the cause of clinical symp
toms of hypercalcemia and diarrhea, respectively, in mammary tumor patients and 
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in a patient with a thyroid carcinoma (Powles et at., 1976; Barrowman et at., 1975). 
Therapy with indomethacin resulted in an improvement of the condition of these 
patients. Therapy with cyclooxygenase inhibitors to prevent tumor spread seems to 
be indicated as well. Tumor procoagulant activity, almost certainly the result of 
TxAz activity, was associated with metastasis (Gasic et at., 1976; Honn and Meyer, 
1981). Tumor cell metastasis was enhanced in tumor-bearing mice when the PGlzi 
TxA2 balance was altered in favor of TxAz (Honn et at., 1980). Prostacyclin, 
however, produced a dose-dependent decrease in pulmonary tumor foci (Honn et 
at., 1981b). 

Also, in our own experiments, beneficial effects of aspirin treatment were seen 
in rats in which a tumor was inoculated subcutaneously (Kort et at., 1985). In this 
experiment, the tumor was inoculated in the flank of the animal, and therapy was 
started immediately after inoculation of the tumor and was continued after removal 
of the primary graft. Primary tumor growth and number of metastases were found 
to be decreased compared with controls. 

In a recent experiment, the same tumor (BN 175) was inoculated in the foot 
of the animal in order to facilitate complete removal of the tumor, and therapy was 
given only after removal of the primary tumor. This experiment was done in 65 
inbred Brown Norway (BN) female rats with a body weight of 100-150 g. They 
were randomly divided into six experimental groups. Group I received aspirin, 20 
mg/kg (low dose) i.p. (n = 10); group II 200 mg/kg of this drug (high dose) 
(n = 10); group III theophylline, 75 mg/kg s.c. (n = 10); group IV low-dose 
aspirin combined with theophylline, 75 mg/kg (n = 10); group V high-dose aspirin 
together with theophylline, 75 mg/kg (n = 15), and group VI saline, 1 ml, pH 
5.2, i.p. (n = 10), which was the volume of the vehicle given in all experimental 
groups and had the same pH as the aspirin solutions used. 

The tumor was inoculated in pieces of 4 mm3 subcutaneously into the dorsum 
of the left foot through a small skin incision, which was closed by tissue adhesive. 
At day 9, the tumor was removed by means of amputation of the foot. Seventeen 
days after inoculation of the tumor, the animals were killed by exsanguination, and 
tumor involvement of paraaortic lymph nodes as judged by macroscopic inspection 
was scored. The lungs were fixed in Bouin's fixative for 5 days, after which 
metastases on the surface could be counted. At autopsy, lymph node metastasis 
was scored positively when there was macroscopic evidence of tumor invasion. 
Lung metastases were scored by counting the white nodules on the surface of the 
left lung. An analysis for multiple comparisons according to Newman-Keuls was 
carried out to determine statistically significant differences. When P < 0.05, the 
difference between the means was considered to be statistically significant. 

In group V, the group of animals receiving high doses of aspirin together with 
theophylline, six animals died shortly after amputation of the foot; all other animals 
survived the whole treatment period in good health. The six animals dying in group 
V were lost because of uncontrollable bleeding, probably caused by the strong 
inhibition of platelet aggregation in this group. When the experiment was terminated, 
local recurrence of the tumor, i.e., at the site of the amputation, was not seen. 

Although negative lymph nodes were found only in groups with aspirin treat-
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TABLE I. Effect of Aspirin and Theophylline on Lymph Node 
Metastases (Paraaortic Lymph Nodes) 

Score" 

Group Therapy 0 ± + 

Aspirin, 20 mglkg 3 2 5 
II Aspirin, 200 mg/kg 2 4 4 

III Theophylline, 75 mg/kg 0 4 6 
IV I + II 0 4 6 
V II + III 2 3 4 

VI Vehicle 0 5 5 

" Symbols: 0, number of animals with negative paraaortic lymph nodes; ±, number of animals 
with reactive paraaortic lymph nodes; +, number of animals with positive paraaortic lymph 
nodes. Treatment was started 9 days after inoculation of the tumor. There were no statistically 
significant differences. 

ment, tumor spread to regional lymph nodes was almost the same in all experimental 
groups (Table I). No statistically significant differences were observed. It is clear 
from the results given in Table II that high doses of aspirin showed the strongest 
inhibition of tumor spread. Treatment with low doses of aspirin, either alone or 
combined with theophylline, did not significantly decrease the number of metastatic 
foci in the lungs. Combining theophylline with high doses of aspirin gave a slightly 
more pronounced effect than did treatment with aspirin, 200 mglkg, alone. 

4. GENERAL DISCUSSION AND PROSPOSAL FOR 
FURTHER RESEARCH 

It is not surprising that many investigators have substantiated the importance 
of treatment with nonsteroid antiinflammatory agents such as aspirin in reducing 
primary tumor growth (Bennett, 1980) or metastases (Honn et al., 1981 a). However, 
in this context, only little attention was paid to the amount of the drugs used. This 

TABLE II. Effect of Aspirin and Theophylline Treatment on the Number of Lung 
Metastases 17 Days after Inoculation of the Tumor" 

Group 

I 
II 
III 
IV 
V 
VI 

Therapy 

Aspirin, 20 mg/kg 
Aspirin, 200 mg/kg 
Theophylline, 75 mg/kg 
I + III 
II + III 
Vehicle 

Number of metastases 

43.9 ± 7.7 
23.1 ± 6.6 
34.6 ± 5.1 
39.7 ± 9.4 
19.6 ± 6.4 
57.3 ± 7.6 

• Treatment was started 9 days after inoculation of the tumor. Statistical significant differences: group V vs. group 
VI, P < 0.05; group II vs. group VI, P < 0.05. 
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is rather surprising, because in studies on the antiaggregatory activity of aspirin, 
the controversy between high and low doses of aspirin did receive much attention 
(Moncada and Korbut, 1978). It was pointed out that aspirin in high doses com
pletely blocked the cyclooxygenase pathway, resulting in a blockade of PGI2 and 
TxA2 synthesis. In studies by Ellis et al. (1980) this was further substantiated: low 
doses of aspirin (in humans, 1 mg/kg) resulted in a major decrease of TxA2 values, 
whereas PGI2 synthesis capacity was almost normal. 

In studies by Gasic et al. (1976), the importance of the ability of certain tumor 
extracts to aggregate platelets in vitro was discussed. Moreover, TxA2 was found 
to enhance tumor growth and the survival of metastasizing tumor cells, whereas 
PGI2 did the opposite (Hofm et al., 1980). In later studies, Honn and Meyer (1981) 
stressed the importance of the PGI2/TxA2 balance for tumor growth and metastasis. 
These findings suggest that in order to obtain adequate control of tumor growth 
and metastasis, PGI2 synthesis should be left unaltered (or, even better, enhanced) 
and TxA2 synthesis reduced as much as possible. With regard to these considerations 
on the dosage of aspirin, treatment with low doses of aspirin alone or possibly in 
combination with phosphodiesterase inhibitors (to potentiate endogenous prosta
cyclin) could achieve such a goal. Also, drugs exclusively blocking the enzyme 
thromboxane synthetase, such as dazoxyben, should be beneficial as well. 

However, high levels of PGIz in the plasma were not always found to be 
associated with little tumor spread. For instance, in patients with a carcinoma of 
the prostate, significantly increased levels of 6-oxo-PGF1u were present in the plasma 
(6-oxo-PGF1u is the stable endproduct of PGI2), which implicated high tumor 
prostacyclin synthesis (Khan et al., 1980). Rising levels of 6-oxo-PGF lu were 
correlated with disease progression and spread of the tumor to the bones, the latter 
probably related to the increased bone resorption activity induced by PGI2 (Bennett 
et al., 1980). Stringfellow and Fitzpatrick (1979) observed that the metastatic pattern 
of two melanoma cell lines was dependent on tumor PGD2 synthesis; i.e., the tumor 
with low synthesis capacity of PGD2 was the one with a high number of metastases, 
whereas the tumor with a low number of metastases could significantly synthesize 
higher amounts of PGD2. When indomethacin was given to melanoma-bearing mice, 
the two tumor types acted identically; the metastatic rate was increased, in particular 
that of the tumor cell line with the smaller metastatic potential (Stringfellow and 
Fitzpatrick, 1979; Fitzpatrick and Stringfellow, 1979). 

The results from our present study and also those of a previous experiment 
(Kort et al., 1985) confirmed that aspirin treatment was able to be beneficial in the 
reduction of tumor metastasis, although it is clear that aspirin alone will not be 
sufficient to prevent tumor spread completely. Combined treatment with "classical" 
chemotherapy might give more real improvement in the control of cancer growth 
and spread. Low doses of aspirin either alone or in combination with theophylline 
were not effective; this probably implies that in the tumor model used, in order to 
decrease the number of metastases effectively, a complete blockade is needed of 
prostaglandin synthesis. This latter is more or less in contrast with the results 
obtained by Honn (Honn et al., 1981b; Honn, 1983); however, either the tumor 
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model he used or his experimental design may explain this. When treatment is 
started prior to i. v. inoculation of tumor cells, it is not hard to imagine that better 
results will be obtained than in a therapeutic regimen and tumor model such as that 
used in our experiment. 

It is clear from our data and data from other groups that prostaglandins are 
involved in tumor synthesis. In some cases high prostacyclin levels were beneficial 
(Honn et al., 1983), whereas in other studies they correlated with tumor progress 
(Khan et al., 1980). Therapy with cycloxygenase inhibitors could decrease the 
number of metastases (Bennett, 1980) but could also increase this number (String
fellow and Fitzpatrick, 1979). This clearly shows that no single definitive policy 
of interfering with prostaglandin synthesis can be followed in the control of tumor 
progression. When a prostaglandin synthesis-inhibiting therapy is considered, tumor 
prostaglandin synthesis should be monitored meticulously, and therapy should be 
adjusted to the synthesis values found. Tumor procoagulant activity (probably a 
TxA2 effect) seems to be a good parameter of tumor malignancy. Tumor cell 
aggregation in vitro as a method to establish tumor characteristics is presently a 
subject of research in our laboratory. 
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1. INTRODUCTION 

Oxidative metabolites of arachidonic acid produced by the 5-lipoxygenase pathway 
are potent mediators of hypersensitivity and inflammation (see O'Flaherty, 1982; 
Lewis and Austen, 1984 for reviews). Their proposed roles in the pathophysiology 
of asthma, chronic inflammation, and psoriasis have prompted an intense search 
for specific inhibitors of their biosynthesis (Bach, 1984). Three years ago a program 
was initiated at Revlon Health Care Group to find compounds that would modulate 
the biosynthesis of leukotrienes or antagonize their spasmogenic actions on smooth 
muscle. In particular, we sought specific and stable inhibitors of the 5-lipoxygenase 
(5-LOX) enzyme, utilizing a cellular assay as our primary screening tool. 
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WEINRYB • Revlon Health Care Group, Research and Development, Tuckahoe, New York 10707. 
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2. METHODS 

The basic elements of the 5-LOX assay are outlined in Fig. 1. Glycogen
elicited rat peritoneal polymorphonuclear leukocytes (PMN) were incubated with 
1 flM indomethacin (to inactivate the cyclooxygenase pathway), phosphate-buffered 
saline plus 1.5 mM Ca2 + and Mg2+ (pH 7.4), and the compound to be tested, at 
30° for 5 min. The cells were then challenged with a mixture of calcium ionophore 
(1 flM) and [14C]arachidonic acid (4 flM), followed by a 3-min incubation. The 

add: 

1) Mix assay components 
buffer 
cells 
indomethacin 
test compound 

/;~n 
(14 C)-AA ---..... 2) Quench with 2M Citric acid 

3 min 3) Add (3H) 5-HETE Ca lonophore 
300 

unlabeled 5-HETE 

4) Extract with CHCI3/MeOH 

~ 
5) Evaporation by Vacuum 

Centrifugation 

~ 
6) take up residue In 10 ul CHCI3 ~I / 
7) Spot aliquot on tic sheet i~ 0 0 0 

~ 
8) perform tic 

9) dry sheet and visualize 5-HETE with uv 

~~7 
10) cut out spot 

~ 11) count in scinto cocktail I.QI (70% eft.) 

FIGURE 1. Assay for inhibitors of 5-lipoxygenase in rat peritoneal polymorphonuclear leuko
cytes. 
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reaction was quenched by the addition of citric acid to reduce the pH to 3.0, followed 
by the addition of a trace of [3H]5-HETE (ca. 10,000 dpm) and excess unlabeled 
5-HETE (35 j.Lg) as internal standard and carrier compound, respectively. The assay 
suspensions were extracted with chloroform/methanol (5/1), and the organic phases 
were evaporated to dryness in vacuo. The residues were reconstituted in chloroform 
and were spotted on Mylar®-backed silica gel thin-layer sheets, followed by chro
matography with the top phase of isooctanelethyl acetatelacetic acid/water (5/11111 
10). The spots of 5-HETE were visualized by UV light and were cut out and placed 
in scintillation fluid. The amount of 5-HETE synthesized was quantitated by two
channel scintillation spectroscopy. The same basic assay was employed for quan
titating 5-LOX activity in PMN from humans as well as in homogenates of rat 
basophilic leukemia (RBL) cells. In a similar manner, 12-LOX from rat platelets 
was also assayed by the inclusion of 15-HETE (which cochromatographs with 12-
HETE in this system) in the place of 5-HETE prior to extraction. Glutathione (100 
j.LM) was included in the reaction mixture of platelets or platelet homogenate. 

Leukotriene-C4-induced contraction of guinea pig parenchymal strips was car
ried out according to Drazen et al. (1980). Anti-IgE-mediated secretion of histamine 
from human leukocytes was performed according to Khandwala et al. (1982), and 
the influence of aryleicosanoids on the production of PGE2 by sheep seminal vesicles 
(SSV) was determined by the method of Flower et at. (1973). 

3. RESULTS AND DISCUSSION 

3.1. Molecular Design of Arylmethyl Phenyl Ethers 
(Aryleicosanoids) 

This chapter will describe the properties of one class of compounds, arylmethyl 
phenyl ethers, which are specific inhibitors of the 5-LOX enzymes from a number 
of mammalian species. A strong influence in the chemical design of these molecules, 
to which we have ascribed the trivial name of aryleicosanoids, * was the report of 
Vanderhoek et at. (1980), which described the ability of 15-HETE to inhibit 5-
LOX. The similarity between the aryleicosanoids and 15-HETE may be seen by 
comparing the structure of one of the first active compounds in the series, REV 
5367, with that of 15-HETE (Fig. 2). By redrawing 15-HETE in a form analogous 
to that of REV 5367, one may visualize that the latter compound has a similar 5,6 
and 11,12 cis double bond arrangement as well as a benzylic hydroxyl group instead 
of the hydroxyl group allylic to the trans 13,14 double bond in 15-HETE. A unique 
feature to the design is the inclusion of an arylmethyl-phenyl ether bridge in place 
of the 8,9 double bond. REV 5367 has an 150 of 3 j.LM in the rat PMN assay 
compared to a value of 3 j.LM for 15-HETE. The use of MAACS® software (Mo-

* The name "aryleicosanoid" was chosen to reflect the fact that these molecules are aromatic (aryl) 
analogues of eicosatetraenoic acid. 
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Arachidonic acid 

~H3 

III 
15-HETE 

3 

REV 5367 
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FIGURE 2. Structures of 15-HETE and 
REV 5367; the structure of 15-HETE 
has been redrawn to emphasize the 
potential structural similarity to REV 
5367. 

lecular Design, Ltd.) allowed us to examine the similarity between 15-HETE and 
REV 5367 more closely. ORTEP plots of the two molecules, calculating the lowest 
energy configuration in vacuo, are presented in Figs. 3 (ball and stick models) and 
4 (space-filling models). Although the configuration chosen by the computer is 
influenced by the starting conformation chosen by the investigator, the similarity 
of the two structures suggests that they may indeed present a comparable chemical 
topography to the 5-LOX enzyme. From a standpoint of rational design, it seemed 
to us that a competitive inhibitor would stand the greatest chance of being specific 
for the target enzyme. 
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15-HETE 

ENERGY: 11.74kcal 

REV 5367 

ENERGY: 11.8Skcal 

FIGURE 3. ORTEP drawings (ball and stick) of lowest-energy conformations of 15-HETE and 
REV 5367. 

3.2. In Vitro Profiles of Aryleicosanoids 

The initial success with REV 5367 led to the synthesis and assay of a great 
many more inhibitors of the aryleicosanoid series. In vitro profiles of some of these 
compounds are presented in Fig. 5. Inhibitory activity against 5-LOX from three 
sources, rat and human PMN and RBL-I cells, are compared, as well as inhibition 
of l2-LOX from intact rat platelets and cyclooxygenase from sheep seminal vesicles 
(SSV). In addition, the degree to which these compounds antagonized LTC4-induced 
contraction of guinea pig parenchymal strips or inhibited IgE-mediated secretion 
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space filling 

space filling 

FIGURE 4. ORTEP drawings (space filling models) comparing the lowest energy conformations 
(in vacuo) of 15-HETE (8) and REV 5367 (A); the conformations are the same as pictured in 
Fig. 3. 

of histamine from human leukocytes is also presented. The Iso values for inhibiting 
ionophore-induced production of 5-HETE by rat PMN range 16-fold, from 0.15 
fJ-M (REV 6080) to 2.5 fJ-M (REV 5827). BW 755C had an Iso of 6 fJ-M by this 
protocol. It is noteworthy that the molecules with heterocyclic moieties on the left 
are in general more inhibitory than those with phenyl substituents and that the 15-
hydroxy group may be oxidized to a ketone without loss of activity in vitro. * 
Another salient finding from these comparative data is that higher concentrations 
of aryleicosanoids are required for 50% inhibition of 5-HETE production by human 
PMN than by rat PMN. The ratio of Iso values (human PMN/rat PMN) varies from 
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FIGURE 5. The in vitro profiles of a selection of six aryleicosanoids. Numerical values in the 
figure represent Iso concentrations or percent inhibition. 5-Lipoxygenase was assayed in rat 
PMN, human PMN, or in a homogenate of rat basophilic leukemia cells (RBL); compounds were 
assayed at 100 or 50(*) f.LM against 12-lipoxygenase (12-LOX) in rat platelets and at 200 f.LM 
aginst cyclooxygenase (cyclox) from sheep seminal vesicles. Antagonism of L TC4-induced con
traction of guinea pig parenchyma (L TC4 Ant.) was measured in the presence of 10(*), 30 (**), 
or 100(***) f.LM test compound. Anti-lgE-mediated release of histamine from human leukocytes 
(HuL); some compounds caused an increase in spontaneous secretion of histamine (SR); 
compounds were assayed at 100 f.LM in this model. 
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3 to 93 for the six compounds listed. BW 755C, with an 150 of 20 j.LM in the assay 
using human PMN, has a ratio of 3.3. 

A somewhat surprising finding is the fact that the aryleicosanoids are relatively 
weak inhibitors of cell-free 5-LOX from RBL-l cells (column 3, Fig. 5). The six 
aryleicosanoids are 16- to 500-fold less potent against cell-free RBL 5-LOX than 
against cellular 5-LOX from rat PMN. The difference between the two systems 
does not arise because the RBL lipoxygenase is a radically different enzyme from 
that of the rat PMN, since at least one of the compounds at 10 j.LM completely 
inhibited the production of 5-HETE in intact RBL cells. Rather, the explanation 
probably lies in the high uptake of these hydrophobic compounds by cells as well 
as their low aqueous solubility. These data provide an interesting example that 
might bear on the strategy one should use in screening for inhibitors: (1) use a 
cellular and more complex system or (2) a cell-free system that is subject to the 
limitations of compound solubility and the absence of the native cellular environment 
for the enzyme. 

Of the six compounds, only two, REV 5827 and REV 5741, demonstrated 
significant inhibition of the 12-LOX enzyme from rat platelets. BW 755C inhibited 
50% of 12-HETE formation at 8 j.LM, showing a lack of specificity between the 5-
and 12-LOX enzymes. In addition, only REV 5741 showed significant inhibition 
of PGE2 formation by SSV cyclooxygenase when incubated with the microsomal 
enzyme at 200 j.LM. By comparison, indomethacin and BW 755C had 150 values 
of 25 and 100 j.LM, respectively, with this preparation. The heterocyclic members 
of the series in Fig. 5 thus demonstrate a specificity for 5-LOX, being inactive 
against both 12-LOX and cyclooxygenase. 

An additional and perhaps unexpected activity of the aryleicosanoids was the 
inhibition demonstrated by certain members of the series of leukotriene-induced 
contraction of guinea pig parenchymal strips. Parenchymal strips were contracted 
by either LTC4 or LTD4 at 0.2 nM; contractions were standardized by measuring 
the response to 1 j.LM histamine. Under the conditions of our assay, FPL 55712 
inhibited contraction mediated by either of the leukotrienes with 150 values from 
0.3 to 0.5 j.LM. The two quinolinyl derivatives in Fig. 5 (REV 5901 and REV 
6080) had 150 values of 2 and 15 j.LM, respectively, against LTC4-induced con
traction. They were equally potent against LTD4-induced contractions. Although 
REV 5901 did not inhibit histamine-induced contraction of parenchymal strips at 
concentrations up to 100 j.LM, the compound did inhibit methacholine- and PGF2a-

induced contraction: with 150 values of 10 and 30 j.LM, respectively. Thus, the 
possibility remains that REV 5901 may inhibit leukotriene-induced contraction by 
an indirect mechanism rather than by direct antagonism of a receptor-Ieukotriene 
interaction. However, later studies with highly purified REV 5901 confirmed its 
potency against leukotrienes, while showing far less inhibitory activity for the drug 

* An independent continnation of this tinding was published after our discovery; Vanderhoek et al. 
(1982) reported that 15-keto-13-trans-5,8,II-cis-eicosatetraenoic acid (l5-KETE) was as active as 15-
HETE in inhibiting 5-LOX from rabbit PMN. 
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against other spasmogens, implying that inhibition of leukotriene-induced contrac
tion by REV 5901 is due to direct antagonism. 

3.3. Mechanism of Inhibition by Aryleicosanoids 

Aryleicosanoids represent a class of inhibitors whose eicosanoid-like double 
bonds are stabilized in aromatic structures, resulting in compounds that possess low 
potential for oxidation by target lipoxygenases. An important question remained 
for us to answer, however: are aryleicosanoids competitive inhibitors of lipoxy
genases? That is, is the mechanism of inhibition an occupation or blockade of an 
active site of a lipoxygenase that would otherwise be attaching a hydroperoxy group 
to a specific position in arachidonic acid? 

Our attempts to determine whether or not aryleicosanoids inhibit cell-free RBL 
5-LOX in a competitive manner were unsuccessful inasmuch as the self-inactivation 
of the enzyme did not lend it to a study of steady-state kinetics. 

The 12-LOX enzyme from homogenized rat platelets is more tractable, and 
Fig. 6 shows a Lineweaver-Burk plot for inhibition of 12-HETE formation by REV 
5741. The lines are calculated by least-squares regression analysis and yield the 
kinetic parameters found in Table I. Also included in Table I are data for REV 
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FIGURE 6. Inhibition of rat platelet 12-lipoxygenase by REV 5741; data are graphed as a 
Lineweaver-Burk plot of reciprocal initial velocity versus reciprocal concentration of arachidonic 
acid. 
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TABLE I. Kinetic Parameters Obtained with 12-Lipoxygenase from Rat Platelets 

Compound 

Control 
REV 5741 
REV 5827 

16 ± 9 

Vrnax 
(pmolJ3 min per mg protein) 

2347 ± 760 
68 

291 

Mode of 
inhibition 

Competitive 
Competitive 

5827. Both compounds exhibited competitive inhibition and had apparent inhibition 
constants of 68 and 291 j.LM, respectively. The Km of 16 j.LM (mean of three 
determinations) for this enzyme is in close agreement with that reported by Chang 
et al. (1982), 20 j.LM. We have examined the time course of cell-free 12-LOX with 
and without 30 or 100 j.LM REV 5741 and have found that the inhibitor does not 
prolong a lag phase in the enzyme-catalyzed reaction. Thus, it is quite likely these 
two aryleicosanoids are binding to the active site of 12-lipoxygenase. By inference, 
although with less confidence than drawn from the direct measurement above, one 
might extend these conclusions to the 5-LOX system and propose that aryleicos
anoids are competitive inhibitors of 5-lipoxygenase as well. Although this conclu
sion is far from proved, the structural similarity of these compounds to substrates 
for the enzyme and the competitive inhibition displayed by two members of the 
series against a related enzyme provide strong support for the inference. This 
inference was later supported by kinetic experiments with cell-free 5-LOX from 
guinea pig PMN (data not shown) which demonstrated a competitive mode of 
inhibition for REV 5901 (Ki = 5-8 flM) and therefore, presumably, for other mem
bers of the aryleicosanoid series, with this enzyme. 

3.4. Inhibition of Histamine Release 

Peters et al. (1981) found that 5-HPETE potentiates the release of histamine 
from human basophils. Other reports have claimed that an intact lipoxygenase 
pathway is necessary for IgE-mediated secretion to take place in the same cells 
(Marone et al .. 1980). Thus, the aryleicosanoids presented in Fig. 5 were also 
examined for their influence on anti-IgE-mediated secretion of histamine from 
human leukocytes. At a concentration of 100 j.LM, two of the compounds (REV 
5827 and REV 5965), as well as BW 755C, increased the spontaneous release (SR) 
of histamine. Of the remaining four compounds, three (REV 5741, REV 5901, and 
REV 6080) had 150 values under 10 flM. The concentration-response curves were 
well behaved, with 80 to 100% inhibition achieved at 30 flM drug concentration. 
Proxicromil had a mean 150 ± S.E. of 52 ± 4 flM in 43 experiments by the same 
protocol. 

These data do not show a correlation between 150 values as inhibitors of 5-
LOX in human PMN and as inhibitors of IgE-mediated secretion from human 
basophils and, hence, do not prove or disprove the hypothesis that the 5-lipoxy
genase pathway is a necessary component of stimulus-coupled secretion in baso
phils. However, the data do provide interesting examples of molecules that have 
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multiple pharmacological activities that would make them therapeutically attractive 
for the treatment of asthma and other disease states associated with immediate 
hypersensitivity: inhibition of 5-LOX and IgE-mediated secretion as well as antag
onism of leukotriene-induced contraction of bronchial smooth muscle. 

4. CONCLUSIONS 

The aryleicosanoid series of compounds thus meet the in vitro objectives we 
set when the project was first implemented. The class of compounds contains 
members which are potent inhibitors of 5-lipoxygenase in both human and rodent 
PMN and lack significant inhibition against rat l2-lipoxygenase or sheep cycloox
ygenase. In addition, these compounds possess additional benefits of being inhibitors 
of mediator release from human basophils and antagonizing the myotropic action 
of leukotrienes C4 and D4 . This attractive in vitro profile, together with promising 
in vivo activity against antigen-induced bronchospasm in guinea pigs (Gordon et 
al., 1984), has prompted us to consider one member of the series, REV 5901, for 
toxicological evaluation prior to clinical trial. 
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Relationship between Drug 
Absorption, Inhibition of 
Cyclooxygenase and 
Lipoxygenase Pathways, and 
Development of Gastric Mucosal 
Damage by Nonsteroidal 
Antiinflammatory Drugs in 
Rats and Pigs 

K. D. RAINSFORD, SHEILA A. FOX, and 
D. J. OSBORNE 

1. INTRODUCTION 

Many authors have provided evidence for an association between inhibition of 
prostaglandin (PG) synthesis by the nonsteroidal and antiinflammatory (NSAI) drugs 
and their propensity to elicit gastric mucosal damage (Boughton-Smith and Whittle, 
1983; Peskar et al., 1981, 1984; Rainsford and Willis, 1982; Rainsford, 1984; 
Rainsford et aI., 1984). By comparison, relatively little is known about the rela
tionship between the inhibition by NSAI drugs of the synthesis of various eicosa
noids to (I) the time-dependent changes induced in the various mucosal cells by 
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these drugs and (2) the pattern of drug uptake into the gastric mucosa. Furthennore, 
it is not known if the different NSAI drugs with varying potency as PG synthesis 
inhibitors have the capacity to elicit damage to the mucosal cells in the same way. 
These aspects are important in order to detennine the precise role that inhibition 
of the synthesis of the different eicosanoids has in the induction of pathological 
changes in different cells by ulcerogenic NSAI drugs. The studies reported here 
are an attempt to provide some infonnation in answer to these questions. 

2. STUDIES IN RATS 

Aspirin (ASA), indomethacin (IND), and benoxaprofen (BEN) have been 
found to reduce mucosal levels of PGE2 production from 10 min to 1 hr following 
oral dosage (Fig. 1). Similar effects have been observed in 6-oxo-PGF t o. production, 
although this was somewhat variable, and the control values amounted to about 
one-fifth of the PGE2 content. Even though these drugs were absorbed at somewhat 
different rates (Fig. 2), the mucosal concentrations of these drugs were clearly 
adequate to inhibit PG production (based on the in vitro potency; see Table I). 

In contrast to these drug effects on PG production, the degree of mucosal 
damage and the time of onset observed both visually (Fig. 3) and electron micro
scopically (Fig. 4; Table I) differ enonnously among these drugs. Thus, aspirin 
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FIGURE 1. Effects of NSAI drugs on gastric mucosal levels of PGE2, measured by combined 
gas chromatography/mass spectrometry (Rainsford et al., 1984) or for APZ by radioimmu
noassay. Aspirin (ASA, 200 mg/kg), azapropazone (APZ, 100 mg/kg), benoxaprofen (BEN, 100 
mg/kg), and indomethacin (INO, 10 mg/kg). 
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FIGURE 2. Concentrations of drugs in gas
tric mucosa following oral administration of 
radiolabeled NSAI drugs in doses as de· 
scribed in Fig. 1 (see also Rainsford et a/., 
1984). 

10+-~---,----~~~ 
o 1 3 5 

Time(hr) 
18 

TABLE I. Comparison of Peak Concentrations of NSAI Drugs in Gastric 
(Fundic) Mucosa following their Oral Administration to Rats, with the Potencies 

of these Drugs as Prostaglandin Synthesis Inhibitors in Vitro 

Peak concentration' 

Drug (dose in mg/kg) f.LM/gb time 

Aspirin (200) 4.0 10 min 
Azapropazone (100) 1.7 10--60 min 
Benoxaprofen (110) 2.7 10-180 min 
Indomethacin (10) 1.1 10 min 

a Data for peak mucosal concentrations from Rainsford et al .. 1984 (see Fig. 2). 
b Concentrations in g wet weight tissue. 

Prostaglandin synthesis 
ICso (f.LMY 

7.2 
11.2 
9.8 
1.9 

'Data from Brune et al. (1981). derived from studies of prostaglandin production in mouse peritoneal macro· 
phages stimulated with the phorbol ester TPA. 
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FIGURE 3. Gastric mucosal lesions in 
stressed we, 3 hr) rats following oral 
administration of NSAI drugs in doses 
as detailed in legend to Fig. 1. 

typically causes fine structural damage to the mucous, parietal, and microvascular 
cells by 10 min (see also Harding and Morris, 1976; Rainsford, 1975; Rainsford 
and Willis, 1982; Rainsford et ai., 1984; Robins, 1981), coincident with reduction 
in PGE2 content. However, indomethacin only damages mucous cells at 10 min; 
the changes in parietal and endothelial cells with accompanying extravasation of 
blood components are only fully evident at 1 hr after oral administration, i.e., well 
after the reduction in PGEz content. Benoxaprofen does not cause appreciable 
mucosal cell damage (observed both by EM and visually) up to 3 hr after oral 
dosage, although this drug was well absorbed by this time (Fig. 2) and even reduces 
PGEz content by 10 min. The increase in PGEz content at 5 min by benoxaprofen 
may reflect a prior "cytoprotective" effect of this drug. 

Azapropazone does not appear to cause appreciable mucosal damage and, 
coincidentally, does not affect PGEz production (Fig. 1). This is quite a paradoxical 
situation since the mucosal concentrations of the drug present at up to 1 hr 
(Fig. 2) are clearly within the range required to inhibit PG production as judged 
on the effects of azapropazone on PG production in mouse macrophages in vitro 
(Table I). 

As shown in Table II, both azapropazone and benoxaprofen markedly reduce 
the gastric mucosal content of 5-HETE at 1 hr after oral administration of these 
drugs to rats. Aspirin slightly reduces 5-HETE levels at 1 hr, although not to near 
the extent noted with the other two drugs. It is tempting to speculate that the lower 
ulcerogenicity of azapropazone and benoxaprofen might be somehow associated 
with their capacity to inhibit 5-lipoxygenase activity. The slight reduction in 5-
HETE levels induced by aspirin might, however, be considered a factor mitigating 
against this notion. It is obvious that the effects of azapropazone and benoxaprofen 
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were much more marked than those of aspirin, so this concept is still a possibility. 
The consequences of inhibiting 5-lipoxygenase activity by drugs that are cyc1oox
~genase inhibitors might be to balance arachidonate metabolism and prevent excess 
tls~ue-destructive oxy-radicals being derived from those hydroperoxyarachidonic 
aCids produced by the diversion of arachidonate through the lipoxygenase pathway. 
Although gross overproduction of 5-lipoxygenase products does not seem evident 

FIGURE 4. Electron microscopic observations of NSAI-induced gastric mucosal damage in rats. 
Aspirin induced damage to mucous parietal and endothelial cells (with accompanying disruption 
of interstitial space) as previously described (Rainsford, 1975; Rainsford et al., 1985; Robins, 
1981). Indomethacin, shown here, likewise causes damage to these cells, but with a somewhat 
slower onset of damage. A: Erosion of mucosal and parietal cells. B: Extravasation of blood 
components and disruption of interstitial space. C: Control for B. No appreciable damage was 
observed electron microscopically to the deeper regions of mucosa with azapropazone, be
noxaprofen, or fenoclofenac. Electron microscopy studies were performed in male Spra
gue-Dawley rats (180-250 g body weight, fasted and allowed water ad libitum for 24 hr) that 
were dosed orally, in groups of five to eight each with (1) 200 mg/kg aspirin, (2) 100 mg/kg 
azapropazone, (3) 110 mg/kg benoxaprofen, (4) 10 mg/kg diclofenac, (5) 100 mg/kg fenclofenac, 
(6) 10 mg/kg indomethacin, (7) 10 mg/kg piroxicam, or (8) 1 ml H20 (controls) . The animals 
were killed at 10, 60, and, for the slowly absorbed drugs azapropazone, benoxaprofen, and 
fenclofenac, also at 120 and 180 min. Sections of the fundic mucosa were rapidly excised and 
fixed in 2% w/v formaldehyde plus 2.5% v/v glutaraldehyde, postfixed in 1 % w/v osmium te
troxide, and stained with lead citrate and uranyl acetate. 
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FIGURE 4. (Cont.) 
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TABLE II. Effects of Some Orally Administered NSAI Drugs on the Content of 
5-HETE in Rat Gastric (Fundic) MucosaB 

5-HETE content Percent change 
Drug (dose in mg/kg) Time mean + SD (pg/mg) (N) (c.f. control) 

Aspirin (200) I hr 2.79 ± 1.13 (5) -57.8% 
Azapropazone (100) I hr below det" (3) -100% 

2 hr 7.15 ± 0.95 (3) N.S. 
Benoxaprofen (110) I hr below det" (5) -100% 
Control (I ml H2Olrat) I hr 6.60 ± 0.83 (4) 

2 hr 3.80 ± 3.28 (3) 

a Content of 5-HETE (5-hydroxyeicosatetraenoic acid) measured by radio-immunoassay of cold acetone extracts 
prepared and assayed according to manufacturer's (Seragen Inc., Boston) instructions. The drugs were dosed orally 
to fasted (24 hr) female Sprague-Dawley rats (approx. 300 g body weight) as I ml per rat fine aqueous suspensions 
prepared by homogenizIng the drug in distilled water immediately before administration. 

with aspirin, it is clear that this drug has much more potent actions on the cycloox
ygenase pathway than on 5-HETE production, especially in comparison with other 
drugs_ 

3. MICROVASCULAR INJURY 

The two potent ulcerogenic agents diclofenac and piroxicam (10 mg/kg) both 
cause pronounced damage to surface mucous and the nearby microvasculature at 
10-60 min following their oral administration (Fig, 5, Table III) in a similar manner 
to that observed with aspirin and indomethacin, In contrast, fenclofenac, a drug 
that, like azapropazone and benoxaprofen, has relatively low gastric ulcerogenicity, 
causes only trace damage to the surface mucous cells at 10-180 min after 100 mg/ 
kg oral dosing, Thus, these latter low-ulcerogenic drugs could be distinguished 

TABLE III. Association of Ultrastructurally-Observed Microvascular Injury by NSAI 
Drugs in Rats with their Anti-Platelet Effects 

Dose Assessment of Inhibition of 

employed microvascular platelet 

Drug (mg/kg) damagea aggregationb 

Aspirin 50,200 +++ +++ 
Indomethacin 10,20 + ++ 
Diclofenac 10 + ++ 
Azapropazonc 100 0 0 

Benoxaprofen 110 0 0 

Fenclofenac 100 0 0 

a As observed by electron microscopy in present studies in regions adjacent to surface mucous and gastric pit parietal 
cells. 

b From published reports. 
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from the more ulcerogenic agents in causing virtually no microscopic damage to 
the microvasculature. These results parallel those observations with other NSAI 
drugs reported in the previous section. 

An overall summary of the effects of the various NSAI drugs of differing 
ulcerogenicity on the integrity of the mucosal microvasculature is shown in Table 
III. It can be seen that there is an apparent relationship between gastric ulcerogenicity 
of thc various NSAI drugs and their propensity to elicit microvascular injury in 
otherwise undamaged regions of the gastric mucosa. Such microvascular injury, 
manifest in extravasation of blood compounds into the interstitial space underlying 
the surface mucous cell layer, might result from a variety of causes. The well
known effect of some NSAI drugs to inhibit platelet aggregation might be considered 
one factor aiding loss of blood from a previously damaged endothelial celllbasement 
membrane region. As indicated in Table III, it appears that those drugs inducing 
microvascular injury also inhibit platelet aggregation. Of course, inhibition of plate
let aggregation, which for these NSAI drugs is probably caused by their inhibition 
of PO cyclooxygenase and thus production of proaggregatory thromboxane A2 
(TxA2), is balanced by inhibitory effects of these drugs on endothelial cell production 
of the antiaggregatory POI2 (prostacyclin). As noted in the previous section, total 
mucosal production of this PO is inhibited, albeit variably, by ulcerogenic NSAI 
drugs at short times after their oral administration. It is conceivable that these two 

FIGURE 6. Effects of indomethacin (IND, 
5 mg/kg p.o.) compared with its prodrug 
analogue sulindac (SUL, 5 mg/kg p.o.) on 
the gastric mucosal content of PGE2 and 
6-oxo-PGF1u measured by radioimmu
noassay as described by Peskar and 
co-workers (1978) in biopsies taken from 
halothane-N20-anesthetized pigs (for 
methods, see Rainsford and Willis, 1982; 
Peskar et al., 1981). Statistically signifi
cant reductions in the content of both 
prostaglandins were evident at 10 min fol
lowing administration of both drugs and 
were maintained for up to 1 hr following 
drug administration. 
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effects could virtually cancel out one another assuming equipotent antagonism of 
platelet TxA2 by PGIz. However, it is possible that the inhibitory effects of NSAI 
drugs on thromboxane-dependent platelet aggregation could dominate over the an
tiaggregatory effects of endothelial PGI2 once the endotheliumlbasement membrane 
has been disrupted, e.g., from the actions of oxy radicals or, alternatively, histamine 
released from mast cells such as has been shown with aspirin and salicylic acid 
(Rainsford, 1984). 

4. STUDIES IN PIGS 

Intragastric administration of indomethacin (5 mg/kg) to halothane/nitrous ox
ide-anesthetized pigs reduces the content of both PGE2 and 6-oxo-PGF1u in fundic 
mucosa initially at 10 min (Rainsford and Willis, 1982), and this is maintained for 
up to 1 hr following drug administration (Fig. 6). Coincidentally, there is rapid 
absorption of radio labeled indomethacin (Fig. 7), although peak levels are not 
reached until 15 min. No metabolism of indomethacin to its desmethyl or other 
metabolites appears to occur in the mucosa during these early stages, so that the 
drug effects are obviously caused by the parent drug. Coincident with the inhibition 
of PGE2 and 6-keto-PGF1u production at 10 min, there are clear signs of fine 
structural damage to the fundic mucosal cells. Thus, cell sloughing, karyolysis, 
and generalized damage are evident in superficial mucous cells (Rains ford and 
Willis, 1982). Parietal cells and mucosal capillaries are disrupted at the same period, 
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FIGURE 7. Gastric mucosal concen
trations of radiolabeled indomethacin 
compared with sulindac (both given in
tragastrically at doses of 5 mg/kg). [2-
1"C)lndomethacin and [3H)sulindac were 
dosed intragastrically (5 mg/kg with 10 
Ci/kg labeled drug) to groups of three 
halothane/nitrous oxide-anesthetized 
pigs, as previously described (Rains
ford and Willis, 1982). Biopsies (50-100 
mg wet weight) were taken at 5, 10, 15, 
30, and 60 min, and 0.2 M citric acid 
(pH 3) homogenates were prepared, 
from which chloroform extracts were 
obtained. Aliquots of these concen
trated extracts were subjected to thin
layer chromatography on Merck Silica 
Gel F254 plates developed in chloro
form/ethyl acetate (95 : 5) together with 
authentic standards of either indometh-
acin and its desmethyl metabolite or su

lindac and its sulfide and sulfone metabolites. None of these metabolites of indomethacin or 
sulindac were detectable in the gastric mucosa. 
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and adjacent to the latter there is appearance of blood cell components in the 
interstitial tissue (Rainsford and Willis, 1982). These changes progress with time 
up to 60 min following intragastric administration of indomethacin and are accom
panied by efflux of Na + , K + , and CI- ions into the gastric lumen (Rainsford and 
Willis, 1982). This suggests that the early drug-induced changes in surface mucosal 
integrity are not exactly tightly coupled to alterations in mucosal prostaglandin 
production. Furthermore, it is obvious that, mucosal synthesis of prostaglandins 
takes some 5-10 min to be affected by the drug despite initial rapid absorption of 
the drug (Figs. 6, 7). 

Identical studies to those above were performed with the indomethacin analogue 
sulindac, which is a prodrug and undergoes metabolism to its active sulfide me
tabolite in vivo. Sulindac itself is much less potent as an inhibitor of PG synthesis 
in vitro than its sulfide metabolite (Brune et al., 1981). Thus, it'seemed possible 
to employ this drug to discriminate PG-dependent from PG-independent events in 
the early stages of development of gastric mucosal injury. For this study it was 
also important to establish the rate of drug absorption and also to ascertain if it is 
metabolized in the mucosa. 

The results of this study (Fig. 7) show that radiolabeled sulindac was rapidly 

FIGURE 8. Gastric mucosal damage by oral sulindac (5 mg/kg) in biopsies of pigs. A: At 30 
min, showing sloughing of mucous and parietal cells together with vacuole formation. S, C: At 
5 min, where extensive disruption of interstitial region is evident with accompanying infiltration 
of blood cells. These changes resemble those seen in pigs dosed with indomethacin (see 
Rainsford and Willis, 1982). 
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absorbed, even more so than indomethacin. There was, however, no detectable 
sulindac sulfide (or, indeed, its other sulfone metabolite) present in the gastric 
mucosa up to 1 hr after administration of sulindac. It came, therefore, as a surprise 
that despite the apparent lack of the sulfide metabolite, there was a marked reduction 
evident by 10-15 mil: following administration of sulindac in the content of PGE2 

and 6-keto-PGFla (Peskar et al., 1981) that was comparable to that achieved with 
the same dose of indomethacin (Fig. 5). 

FIGURE 8. (Cont.) 
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Thus, the observed reduction in PGE2 and 6-oxo-PGF lot levels could only have 
resulted from the high concentration of the parent drug. Comparison of the effects 
of these drugs on PGE2 production by a typical in vitro cell system, the mouse 
macrophage (Brune et af .• 1981; see also Table I) shows that sulindac has an ICso 
of 7.2 x 10-6 M, whereas its active sulfide metabolite has an ICso of 5.8 x 10-9 

M, which is comparable with that for indomethacin (ICso 1.9 x 10-9 M). Since 
mucosal concentrations of about I mmollkg of sulindac are achieved within the 

FIGURE 8. (Cant.) 
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first 10 min of oral administration (Fig. 7), it appears that sufficient parent drug 
could be present to elicit inhibition of gastric mucosal PO production. 

Correlated with the reduction in mucosal content of prostaglandins, it was 
found that sulindac caused damage to mucous cells and disruption of interstitial 
regions accompanying appearance of blood components at 10-60 min following 
oral dosage (Fig. 8), although to a somewhat lesser extent than indomethacin. Some 
parietal cell damage was also evident with sulindac. 

These results show that there is a rapid reduction in mucosal content of POs 
following intragastric administration of indomethacin and sulindac to pigs and that 
this parallels rapid drug absorption and the early development of fine structural 
injury to the mucosal cells. Although drug-induced alterations in mucosal membrane 
permeability may not be strictly coupled to inhibition of PO production (Rainsford 
and Willis, 1982), it does appear that the principal structural changes induced by 
indomethacin and sulindac do coincide with gross changes in PO content. The 
ultrastructural changes induced by these drugs in pigs (Fig. 8) are the same as those 
induced in rats by indomethacin, aspirin, and other similar ulcerogenic drugs 
(Fig. 4). 

5. CONCLUSIONS 

For the potent ulcerogens such as aspmn and indomethacin, inhibition of 
prostaglandin production in the gastric mucosa coincides with rapid absorption of 
these drugs and the early appearance of fine structural damage to mucous, parietal, 
and microvascular cell components. Less ulcerogenic agents may exhibit variable 
effects on prostaglandin production even though they are well absorbed. 

One of the reasons for the low ulcerogenicity of azapropazone and benoxa
profen might be related to the effects these drugs have on inhibiting 5-lipoxygenase 
activity in the mucosa, thereby producing balanced inhibition of both cyclooxy
genase and lipoxygenase pathways. 

There appears to be an association between the propensity of the ulcerogenic 
NSAI drugs to inhibit platelet aggregation and the appearance of microvascular 
damage. Those drugs showing little or no tendency to produce fine structural changes 
in the mucosa do not appear to produce microvascular changes, and neither do they 
inhibit platelet aggregation. The drug-induced changes in microvascular integrity 
might, therefore, be related to their effects on platelet aggregation and may con
tribute to ischemic reactions in the mucosa during the early stages of NSAI-drug
induced mucosal injury. 
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Biosynthesis of Leukotriene B4 in 
Human Leukocytes 
Demonstration of a Calcium-Dependent 
5-Lipoxygenase 

RODGER M. McMILLAN, DAVID J. MASTERS, 
WAYNE W. STERLING, and PETER R. BERNSTEIN 

1. INTRODUCTION 

Arachidonate metabolism via 5-lipoxygenase leads to formation of a family of 
biologically active molecules, the leukotrienes. The first step in leukotriene bio
synthesis is catalyzed by the enzyme 5-lipoxygenase and results in formation of 5-
hydroperoxy-6,8, II, l4-eicosatetraenoic acid (5-HPETE), which may be converted 
enzymatically (via the action of a peroxidase) or nonenzymic ally to the correspond
ing hydroxy acid, 5-hydroxy-6,8, 11, 14-eicosatetraenoic acid (5-HETE). Alterna
tively, 5-HPETE may undergo enzymatic dehydration to form an unstable epoxide, 
5 ,6-epoxy-7, 9, II , 14-eicosatetraenoic acid, which is termed leukotriene A4 (L T A4)' 
Enzymatic hydrolysis of LTA4 yields 5S, 12R-dihydroxy-6, 14-cis-8, lO-trans-eico
satetraenoic acid (leukotriene 8 4, L T84), which is a potent, stereospecific activator 
of a variety of human neutrophil responses, including chemokinesis, chemotaxis, 
and aggregation (Ford-Hutchinson et al., 1980; Goetzl and Pickett, 1981; Malmsten 
et al., 1980). 

A second pathway of L T A4 metabolism leads to formation of leukotrienes that 
contain a hydroxyl at C-5 and a thiopeptide at C-6 (Murphy et al., 1979). Four 
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peptidyl leukotrienes have been described-LTC4, LTD4, LTE4, and LTF4-in 
which the peptides are, respectively, glutathione, cysteine-glycine, glycine, and 
cysteine-glutamate (Samuelsson, 1983). The peptidyl leukotrienes have powerful 
spasmogenic activity, particularly in pulmonary, intestinal, and vascular tissue, and 
collectively LTC4, LTD4, LTE4, and LTF4 account for the biological activities 
previously assigned to "slow-reacting substance of anaphylaxis" (SRS-A). 

Biosynthesis of L TB4 is usually accompanied by formation of several ster
eoisomers. Nonenzymic hydrolysis of LTA4 forms no LTB4 but instead produces 
two other 5, 12-di-HETES, which have a trans double bond at position C-6 rather 
than a cis double bond as in LTB4. The two 6-trans isomers of LTB4 differ in their 
stereochemistry at C-12 and are classified by the order in which they elute on 
reverse-phase HPLC: thus, 6-trans-LTB4 is termed isomer I, and 12-epi-6-trans
LTB4 is termed isomer II (Borgeat and Samuelsson, 1979b). Another isomer of 
L TB4, 5S, 12S-dihydroxy-6, lO-trans-8, 14-cis-eicosatetraenoic acid, can be formed 
in leukocytes by the sequential metabolism of arachidonate by 5- and 12-lipoxy
genase. Since LTA4 is not an intermediate in its biosynthesis, the double lipoxy
genation product is termed 5S,12S-di-HETE (Lindgren et al., 1981; Borgeat et al., 
1982). The 6-trans isomers are 10-100 times less potent than LTB4 as activators 
of human neutrophils, and 5S, 12S -di-HETE is virtually devoid of biological activity 
(Ford-Hutchinson et al., 1981, 1983; Goetzl and Pickett, 1981; Malmsten et al., 
1980). 

The stereospecificity of neutrophil activation by L TB4 suggests that its actions 
may be receptor mediated, and the presence of high-affinity binding sites for LTB4 
on human neutrophils has been reported (Kreisle and Parker, 1983). An inactivation 
mechanism for LTB4 also exists. This involves w-oxidation to yield a trihydroxy 
acid, 20-hydroxy-LTB4' which has 10% of the biological activity of LTB4 in a 
neutrophil aggregation assay (Ford-Hutchinson, 1983). Further metabolism of 20-
hydroxy-LTB4 yields a dicarboxylic acid, 20-carboxyl-LTB4, which has less than 
1% of the activity of LTB4 (Ford-Hutchinson et al., 1983). 

Although the biological actions of leukotrienes have been extensively studied, 
comparatively little information is available on the enzymes of the 5-lipoxygenase 
pathway. In particular, there have been no reports on cell-free preparations of 5-
lipoxygenase and related enzymes from human sources. In this chapter, we dem
onstrate the presence of a calcium-dependent 5-lipoxygenase in human leukocyte 
cytosol. The characteristics of this enzyme are compared to the previously reported 
5-lipoxygenases from animal sources. In addition, we report that the cytosolic 
fraction of human leukocytes contains all the enzymes necessary for L TB4 biosyn
thesis but not its metabolism. 

2. MATERIALS AND METHODS 

2.1. Materials 

Synthetic leukotriene A4 methyl ester was prepared using the general approach 
of Rokach et al. (1981) as modified by Maduskie and Willard (1983). Synthetic 
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LTB4 was prepared by modification of the procedure of Corey et al. (1981) as 
reported by Yee (1984). BW755C and 5-HETE were synthesized by Dr. K. H. 
Gibson (Chemistry Department, ICI Pharmaceuticals Division); 5S,12S-di-HETE 
was biosynthesized from porcine leukocyte, and 6-trans isomers of LTB4 were 
prepared by hydrolysis of LT A4. [14C]Arachidonic acid (specific activity 60 mCil 
mmol) was purchased from Amersham International. Benoxaprofen was a generous 
gift from Lilly Research Centre, Surrey, UK; baicalein was obtained from Appin 
Chemical Company; arachidonic acid, quercetin, phenidone, esculetin, and nor
dihydroguairetic acid (NDGA) were purchased from Sigma Chemical Company 
(St. Louis, MO). 

2.2. Methods 

Peripheral human leukocytes (>90% neutrophils) were obtained from anti
coagulated venous blood by a modification of the procedure of Henson (1971). 
After removal of platelet-rich plasma, red cells were sedimented using 2.5% gelatin 
in physiological saline at 37°C. After 30 min, the supernatant was aspirated and 
centrifuged (400 g, 5 min, 25°C). The cell pellet was redissolved in a buffer 
comprising ammonium chloride (0.15 M), potassium bicarbonate (0.01 M), and 
EDTA (0.001 M) in order to lyse residual erythrocytes. The resulting leukocytes 
were washed twice and then resuspended at 6.25 X 107 cells/ml in 0.05 M phos
phate buffer, pH 7.0, containing 0.1% gelatin and 1 mM EDTA. Cells were dis
rupted by Polytron homogenization and sonication; then the homogenate was cen
trifuged at 105,000 g for 60 min at 4°C. The supernatant (cytosol) was used as the 
enzyme source. For comparative studies, the high-speed supernatant from RBL-l 
cells was prepared using an identical procedure. 

For measurement of lipoxygenase activity, glutathione (l mM) and calcium 
chloride (2 mM) were routinely added to the cytosolic fraction. Aliquots of cytosol 
(200 ,...1) were incubated with drugs (50 ,...1) for 15 min at 4°C prior to incubation 
with 15 I..IM [14C]arachidonate for 20 min at 37°C. Enzyme incubates were ter
minated by adding four volumes of ethyl acetate. Lipids were separated by thin
layer chromatography using petroleum ether: diethyl ether: acetic acid (SO : 50 : 1). 
Radioactive metabolites were located by autoradiography and quantified by liquid 
scintillation counting. In some experiments analysis of di-HETE formation was 
performed. Ethyl acetate extracts were reconstituted in hexane: ether (95 : 5) and 
applied to cyanopropyl miniextraction columns. Columns were washed sequentially 
with 5%, 25%, and 50% ether in hexane, and di-HETEs were finally eluted with 
ether: methanol (50 : 50). The diHETEs were dissolved in HPLC-grade solvents 
and separated on reverse-phase HPLC as described in the legend to Fig. 3. 

Measurement of LTB4 synthase was carried out using LT~ as substrate. 
Optically active LT~ methyl ester (0.3-3.0 X 10-3 M) was hydrolyzed using 0.25 
M lithium hydroxide in dimethoxyethane : water (50 : 50) for 1 hr at 25°C under 
an atmosphere of argon. The concentration of LT~ was determined by carrying 
out a scan of UV absorbance in methanol assuming a molar absorbance coefficient 
of 51,000 at 279 nm. Human leukocyte cytosol was incubated with LT~ for 10 
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min at 37°C, after which lipids were extracted using three volumes of ethyl acetate. 
Lipids were fractionated on cyanopropyl columns as described above except that 
the columns were washed with 5% and 25% ether in hexane. The di-HETEs were 
eluted with ether : methanol (40 : 60) and separated on reverse-phase HPLC as 
described in the legend to Fig. 4. 

3. RESULTS AND DISCUSSION 

3.1. 5-Lipoxygenase from Human Leukocytes 

Cell-free preparations of 5-lipoxygenase have been reported from animal sources. 
The first system described was that from rat basophilic leukemia (RBL-l) cells. 
Jakschik and co-workers (1980a) reported that incubation of radiolabeled arachi
donate with the low-speed (10,000 g) supernatant from RBL-l cells resulted in 
formation of radiolabeled 5-HETE and 5, 12-di-HETES. The characteristics of this 
5-lipoxygenase differed in several respects from the lipoxygenases previously de
scribed in plants (exemplified by soybean lipoxygenase) and in platelets. 

The most obvious difference was the positional specificity of lipoxygenation: 
arachidonate metabolism by soybean lipoxygenase yielded 15-HETE, whereas plate
let lipoxygenases formed 12-HETE. The enzymes also differed in substrate spec
ificity. A range of fatty acids (chain lengths CIS to C22) are substrates for the RBL-
1 5-lipoxygenase providing they contain cis double bonds at C-5, C-8, and C-ll 
(Jakschik et ai., 1980b). In the case of 5-lipoxygenase, the position of oxidation 
is determined by the distance from the carboxyl terminal, but for other lipoxygenases 
it is the distance from the methyl terminal that is critical: thus, the soybean and 
platelet enzymes catalyze lipoxygenation at w-6 and w-9, respectively, independent 
of fatty acid chain length (Galliard and Chan, 1980; Nugteren, 1975). The third 
and arguably most important difference from other lipoxygenases was that calcium 
was essential for 5-lipoxygenase activity (Jakschik et ai., 1980a). Since the RBL-
1 system was first described, cell-free preparations have been obtained from guinea 
pig neutrophils (Ochi et ai., 1983) and from a cloned mouse mastocytoma cell line, 
P815 (Koshihara et ai., 1982). Like the RBL-l enzyme, both appear to be soluble 
and calcium dependent, and we now provide evidence for the presence of a calcium
dependent 5-lipoxygenase in human leukocytes. 

In initial studies we compared the lipoxygenase products of human leukocytes 
with those of the well-characterized RBL-l system. When incubated with the cy
tosolic fraction (105,000 g supernatant) from RBL-l cells, [14C]arachidonate was 
converted to [l4C]5-HETE and to more polar radiolabeled metabolites that comi
grated with di-HETEs. Metabolism was blocked by BW755C (10-5 M), which 
inhibits both cyclooxygenase and lipoxygenases, but not by indomethacin (10-5 M), 
a selective cyclooxygenase inhibitor. In parallel experiments with the cytosol from 
human leukocytes, arachidonate was again converted to 5-HETE and to di-HETEs 
as well as to an additional less polar metabolite that migrated on TLC between 5-
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HETE and arachidonate. Fonnation of all metabolites in the human system was 
blocked by BW7SSC but not by indomethacin. The additional product in the human 
cytosol is not the A-lactone of S-HETE:acidification, which accelerates lactoniza
tion, was omitted during lipid extraction, and the additional product was not fonned 
in RBL-l cytosol with an identical protocol. 

Thus, human leukocytes contain a soluble S-lipoxygenase, but the cytosolic 
fraction also produces an additionallipoxygenase product that has not been unequi
vocally identified but, on the basis of TLC mobility, is likely to be either 12-or 
IS-HETE. Human leukocytes have been shown to release 12-HETE and lS-HETE 
in addition to 5-HETE (Borgeat and Samuelsson, 1979a), and purified preparations 
of IS-lipoxygenase and 12-lipoxygenase have been reported from rabbit peritoneal 
neutrophils and porcine peripheral leukocytes, respectively (Narumiya et al., 1982; 
Yoshimoto et al., 1982). The cellular source of the additionallipoxygenase has not 
been detennined, and experiments are in progress to detennine whether it originates 
from a different leukocyte type than the S-Iipoxygenase. 

In common with the enzymes from RBL-l cells, P81S cells, and guinea pig 
neutrophils, the human S-lipoxygenase has an absolute requirement for calcium 
(Table I). Since the cytosol was prepared in buffer containing 1 mM EDT A, an 
excess of calcium (2 mM) was routinely added to study the calcium dependence. 
Under these conditions, arachidonate was converted to S-HETE and to the product 
that comigrated with 12-HETE. When calcium was omitted, synthesis of S-HETE 
was reduced to the level in the heat-inactivated enzyme blank, and fonnation of 
the additional, unidentified hydroxy acid was also markedly inhibited. The mech
anism of activation of S-lipoxygenase by calcium has been investigated by Parker's 
group using a purified enzyme from RBL-l cells (Parker and Aykent, 1982). They 
reported that in the absence of calcium this enzyme existed in an inactive fonn 
with an apparent molecular weight of approximately 90,000. Addition of calcium 
ions, but not magnesium or manganese, activated the enzyme and increased its 
molecular weight to 180,000. Addition of the calcium regulatory protein calmodulin 

TABLE I. Effect of Calcium on Human 5-LipoxygenaseB 

Synthesis of hydroxy acids (ng/ml) 

Treatment 5-HETE Unidentified HETE 

Heat inactivated 
(1 mM EDT A. 2 mM CaCh) 15 :t 5 !O:t 5 

Control 
(1 mM EDTA, 2 mM CaCh) 845 :t 50 935 :t 15 

Calcium-free 
(1 mM EDTA) 35 :t 5 165 :t 50 

, Aliquots of human leukocyte cytosol, with or without added calcium chloride (CaCl,), were 
incubated with [14C]arachidonate (5 iJ-g/ml) for 20 min at 37'C. Lipids were separated by thin
layer chromatography, and HETE formation was quantified by liquid scintillation counting. 
Results are mean values:;: S.E.M. (n ~ 3). 
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did not increase the sensitivity of the enzyme to calcium, and Parker and Aykent 
(1982) proposed that calcium ions interact directly with inactive monomers of 5-
lipoxygenase to produce an active dimeric form of the enzyme. 

Human 5-lipoxygenase was potently inhibited by a range of known lipoxy
genase inhibitors. Among the most potent was NDGA, which had an ICso value 
of approximately 3 x 10-8 M (Fig. 1). The prototype dual inhibitor oflipoxygenase 
and cyclooxygenase, BW755C, was approximately ten times less potent than NDGA, 
but benoxaprofen, which has been reported to be a lipoxygenase inhibitor, was 
virtually inactive against human 5-lipoxygenase at concentrations up to 100 ~M 
(Fig. I). We have found benoxaprofen to be similarly ineffective as an inhibitor 
of the soluble 5-lipoxygenase from RBL-I cells, although it produced weak inhi
bition of RBL-I cyclooxygenase (ICso 40 ~M). Other potent inhibitors of human 
5-lipoxygenase (in descending order of potency) were quercetin, baicalein, phen
idone, nafazatrom, and esculetin, all of which had ICso values of less than 10-6 M. 

5.2. Biosynthesis of LTB4 in Human Leukocytes 

Biosynthesis of LTB4 by human leukocytes was first reported by Borgeat and 
Samuelsson (1979a). In suspensions of human neutrophils, they showed that ar
achidonate was metabolized to a mixture of monohydroxy acids (5-HETE, 12-
HETE, and 15-HETE) and to a number of more polar metabolites including LTB4 
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FIGURE 1. Inhibition of human 5-lipoxygenase. Enzyme activity was quantified using 5-HETE 
synthesis in human leukocyte cytosol following 15 min pre-incubation with drugs. Points rep
resent mean values ± S.E.M. (n = 3). 
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and its 6-trans isomers. In that study, the Karolinska group observed considerable 
variation in the levels of 5-HETE and 5, 12-di-HETEs synthesized from exogenous 
arachidonate by different preparations of human neutrophils, but they noted that 
addition of a calcium ionophore, A23187 , to the cells produced a marked stimulation 
in synthesis of 5-lipoxygenase metabolites. In subsequent studies, A23187-stimu
lated neutrophils have become a classical source of LTB4 and other lipoxygenase 
products. The use of such an extreme, and unphysiological, stimulus has been 
criticized; for example, Smith (1981) described exposure of cells to A23187 as 
"comparable to chemical homogenization." Evidence for LTB4 biosynthesis in re
sponse to more relevant inflammatory stimuli (phagocytic, chemotactic agents) is 
still sparse. Release of L TB4 from neutrophils exposed to formyl peptides and 
phagocytic stimuli such as urate crystals and serum-treated zymosan has been 
reported (Palmer and Salmon, 1983; Rae et al., 1982), but in general the levels of 
LTB4 released are much lower than those induced by A23187. An interesting report 
from Clancy et al. (1983) suggests that chemotactic agents may stimulate leukotriene 
biosynthesis by activating 5-lipoxygenase and not by releasing arachidonate via 
phospholipase activation as is the case with A23187. 

Despite the reservations about the relevance of stimulating neutrophils with 
A23187, the system has provided considerable information about LTB4 biosynthesis 
and metabolism. Release of LTB4 induced by A23187 is accompanied by formation 
of its 6-trans isomers (Borgeat and Samuelsson, 1979b), the double lipoxygenation 
product 5S,I2S-di-HETE (Lindgren et al., 1981), and of w-oxidation metabolites 
of di-HETEs (Hansson et al., 1981). The time course of formation of LTB4 and 
its isomers in human leukocytes is shown in Fig. 2. Maximal levels of LTB4 were 
achieved within 5 min of exposure to A23187. Thereafter, LTB4 disappeared rap
idly: by 15 min LTB4 levels were less than 20% of those detected at 6 min. The 
disappearance of L TB4 was associated with a rapid increase in the levels of polar 
metabolites, which were virtually maximal by 15 min. Turnover of 5S,I2S-di
HETE and of 6-trans isomers of LTB4 occurred more slowly than LTB4: even after 
30 min the levels of these isomers had fallen by less than 30% (Fig. 2). These data 
suggested that there may be a stereospecific inactivation mechanism for LTB4, and 
direct evidence for this was recently provided by Powell (1984), who demonstrated 
that LTB4 is the preferred substrate for a 20-hydroxylase from human neutrophils. 
Activation of neutrophils by LTB4 has previously been shown to be stereospecific 
(Malmsten et al., 1980; Goetzl and Pickett, 1981; Ford-Hutchinson et al., 1981), 
and the specificity of metabolism provides further support for a role for L TB4 as 
an endogenous neutrophil mediator. 

Although a number of groups have studied LTB4 biosynthesis in intact neu
trophils, little information is available on the intracellular localization of LTB4-
synthesizing enzymes. We have found that the cytosolic fraction of human leu
kocytes contains not only 5-lipoxygenase but also the additional enzymes necessary 
for LTB4 biosynthesis: L TA4 synthase and LTB4 synthase. Figure 3 shows the 
profile of di-HETEs produced from incubation of [14C]arachidonate with human 
leukocyte cytosol. The di-HETE fraction was separated on reverse-phase HPLC 
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FIGURE 2. Turnover of leukotriene 84 and its isomers in human leukocytes. Suspensions of 
human leukocytes (5 x 107/ml) were incubated for various times with A23187 (10 ILg/ml). Leu
kotriene 84 , 5S12S diHETE, 6-trans isomers (termed "all-trans 5,12 diHETEs") and polar me
tabolites were separated by reverse phase HPLC on Spherisorb ODS1 column using metha
nol : THF : water: acetic acid (33.5 : 27.5 : 39 : 0.01) at a flow rate of 1.5 mllmin. 

using a mobile phase developed in our laboratory to effect resolution of L TB4 from 
its major biological isomers. The major peak of radioactivity and of UV absorbance 
(peak II) coeluted with synthetic LTB4 with smaller amounts of 6-trans isomers 
(peak I) and 5S,12S-di-HETE (peak III). Formation of LTB4 and its isomers was 
rapid, with maximal levels synthesized within 5-10 min at 37°C. No evidence for 
metabolism of di-HETEs was obtained, which is in accord with the demonstration 
that 20-hydroxylation of L TB4 is catalyzed by a cytochrome P-450 enzyme, which 
is presumably of microsomal origin (Shak and Goldstein, this volume, Chapter 10). 



FIGURE 3. Leukotriene 84 biosynthesis in a cell
free system from human leukocytes. The cytosol 
from human leukocytes was incubated with 
[14C]arachidonate (5 ILg/ml) for 20 min at 37°C. 
Formation of leukotriene 84 and its isomers was 
monitored by measuring radioactivity and U. V. 
absorbance (270 nm) following separation on 
reverse phase HPLC. Chromatography using 
Spherisorb ODS2 column with a mobile phase 
of methanol: tetrahydrofuran : water: acetic acid 
(33.5 : 27.5 : 39 : 0.01) at 1.5 ml/minute. I, re
tention time of 6-trans isomers of Leukotriene 
84; II, retention time of synthetic Leukotriene 8 4 ; 

III, retention time of 5S12S diHETE. 
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Direct evidence for the presence of LTB4 synthase was obtained in studies 
using L T A4. Addition of L T A4 to physiological buffer resulted in formation of two 
major products that coeluted on reverse-phase HPLC with the 6-trans isomers of 
LTB4 (Fig. 4). Incubation of LTA4 with human leukocyte cytosol at 37°C for 10 
min yielded an additional product, which had an identical retention time to synthetic 
LTB4. At low concentrations of LTA4 (2.8 flM), the major di-HETE formed was 
LTB4, but at higher LTA4 concentrations (28 flM), the 6-trans isomers predomi
nated. These data demonstrate the presence of a soluble LTB4 synthase in human 
leukocytes as previously reported for RBL-l cells (Maycock et al., 1982). Our 
results indicate saturation of LTB4 synthase at high LT A4 concentrations, leading 
to accumulation of the 6-trans isomers of LTB4 by nonenzymic hydrolysis of LT A4. 
Using the cytosolic fraction from RBL-l cells, lakschik and Kuo (J983) reported 
that L TB4 biosynthesis from arachidonate was maximal at lower substrate concen
trations than biosynthesis of L T A4 or 5-HETE. Thus, it appeared that enzymatic 
hydrolysis of LTA4 was the rate-limiting step in LTB4 biosynthesis. Recently, 
Fitzpatrick et al. (1983) demonstrated the presence in plasma of an enzyme that 
converts LTA4 to LTB4. This extracellular enzyme is likely to be of secondary 
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FIGURE 4. Leukotriene B. biosynthesis in a cell-free system from human leukocytes. The 
cytosol from human leukocytes was incubated with L T A. for 20 min at 37°C. Formation of L TB. 
and its 6-trans isomers was monitored by UV absorbance (270 nm) following separation on 
reverse-phase HPLC. Chromatography using Spherisorb ODS2 column with a mobile phase of 
methanol: water: acetic acid (78 : 22 : 0.05) at 1.5 mllmin. I, retention time of 6-trans L TB4 ; II, 
retention time of 6-trans, 12-epi-L TB4 ; III, retention time of synthetic L TB4 . 
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importance to intracellular LTB4 synthase: the close association of 5-lipoxygenase, 
LT~ synthase, and LTB4 synthase in the cytosol offers more efficient control of 
L TB4 biosynthesis. 

An important point that remains to be determined is the specificity of the 
enzyme that catalyzes conversion of LT A4 to LTB4. This enzyme has been referred 
to as LTB4 synthase, LTA4 hydrolase, or epoxide hydrolase. We prefer to use the 
term LTB4 synthase until the selectivity of the enzyme is established. Classical 
epoxide hydrolases generally catalyze conversion of 1 ,2-epoxides to 1,2-diols. The 
enzymes are widely distributed and at least two types are known-microsomal and 
cytosolic forms-which differ in substrate specificity (Hammock and Hasagawa, 
1983), pH optima (Ota and Hammock, 1980), and pharmacological sensitivity (Gill 
and Hammock, 1980). Oliw et al. (1982) have shown that microsomal epoxide 
hydrolase can hydrolyze a series of arachidonic acid epoxides formed by a P-450-
linked monooxygenase. An example is shown in Fig. 5: oxygenation of the 5,6 
double bond yields 5,6-epoxyeicosatrienoic acid, which in turn is hydrolyzed to 
the corresponding diol, 5,6-hydroxyeicosatrienoic acid. Epoxides can be formed in 
this manner across all four double bonds in arachidonate, and each can serve as a 
substrate for epoxide hydrolase. With the exception of the 8,9-epoxide, they have 
similar initial rate constants, suggesting a relatively broad substrate specificity for 
the enzyme. Although LT~ is also a 5,6-epoxide, its structure is quite distinct 
since it retains all four double bonds from arachidonate, three of which are con
jugated in a highly reactive triene arrangement. 

Several lines of evidence suggest that the mechanism of action of L TB4 synthase 
may be distinct from that of classical epoxide hydrolases. (1) Leukotriene A4 is not 
converted enzymatically to 5,6-di-HETE but instead forms LTB4, a reaction that 
involves double bond rearrangement in the triene. (2) Leukotriene B4 possesses a 
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cis double bond at C-6, whereas chemical hydrolysis of L T A4 yields diols with 6-
trans geometry; thus, LTB4 synthase must confer a high degree of structural spec
ificity. (3) 14,15-Leukotriene A4 does not appear to form a product analogous to 
LTB4, which indicates a degree of substrate specificity that is not apparent with 
metabolism of arachidonate epoxides by epoxide hydrolase. (4) The apparent mo
lecular weight and terminal amino acid sequence of L TB4 synthase from human 
leukocytes are reported to differ from those of classical epoxide hydrolases 
(Samuelsson, this volume, Chapter 1). Further studies are necessary to determine 
the specificity (or otherwise) of LTB4 synthase, and it will be of particular interest 
to determine the products of LT A4 metabolism by purified cytosolic epoxide hy
drolase. 
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1. INTRODUCTION 

63 

Phospholipase A2 (PLA2) is an esterase responsible for the liberation of phospho
lipid-bound arachidonic acid, a biosynthetic precursor of putative inflammatory 
mediators. Arachidonic acid is metabolized by cyclooxygenase and lipoxygenase 
to the corresponding prostaglandins and leukotrienes (Fig. 1). Traditional antiin
flammatory therapy has relied on cyclooxygenase and more recently on lipoxygenase 
blockade (Shen, 1981), but direct control of arachidonic acid pools has remained 
relatively unexplored. Recent evidence (Hirata et al., 1980; Blackwell et al., 1980; 
Rothhut et al., 1983) demonstrates that antiinflammatory steroids control polyun
saturated fatty acid release at both cyclooxygense and lipoxygenase pathways by 
enhancing the production of PLA2 inhibitory proteins (lipomodulin, macrocortin, 
renocortin). Direct phospholipase A2 site-specific inhibition, therefore, offers new 
opportunities in antiinflammatory treatment. 

2. PHOSPHOLIPASE A2 INHIBITORS 

Very few active-site inhibitors of PLA2 are known. Most reported phospho
lipase A2 inhibitors perturb membranes and thus may indirectly block this membrane 
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FIGURE 1. Arachidonic acid cascade. 

protein's function. Mepacrine, a standard PLA2 inhibitor, shows a concentration
dependent biphasic profile (Chan et ai., 1982) indicative of indirect membrane 
distortion. Anesthetics, well-known membrane affectors, and indomethacin, a cy
clooxygenase inhibitor, have been shown to block phospholipase A2 by altering 
membrane fluidity (Vigo et ai., 1981; Volwerk et ai., 1974; Fan and Shen, 1981; 
Hwang and Shen, 1981). A good active-site inhibitor had been reported (Wallach 
and Brown, 1981); however, exact details of binding have not been revealed. More 
direct inhibition of PLA2 has been achieved by irreversible alkylation of histidine-
48 with para-bromophenacyl bromide (BPB), which totally inactivates PLA2 
(Volwerk et ai., 1974). 

Although the above nonphospholipid inhibitors are effective, phospholipid 
inhibitors have successfully been shown to occupy and block phospholipase A2'S 
active site. The unnatural enantomer D-Iecithin competitively blocks the active site 
since the 2-acyl ester is improperly oriented for cleavage (Van Deenan and DeHaas, 
1963). Nonhydrolyzable 2-acylamidophosphatidylcholines have also been reported 
to competitively inhibit phospholipase A2'S action (Chandrakumar and Hajdu, 1982). 
Simple n-alkylphosphorylcholines have been shown to protect PLA2's active site 
from histidine-48 alkylation by BPB (Van Dam-Mieras et ai., 1975; Teshima et 
ai., 1981); however, no systematic alkyl variations have been investigated. With 
limited phospholipid and one nonphospholipid active-site PLA2 inhibitors reported, 
a systematic study using a variety of n-alkylphosphorylcholines to probe PLA2's 
lipophilic and electrostatic requirements is warranted. 
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With the refined 0.7 A resolution) bovine and (2.6 A resolution) porcine 
pancreatic PLA2 X-ray structures reported (Dijkstra et al .. 1981, 1983) and a general 
synthetic method for alkylphospholipids that is flexible enough to accommodate a 
variety of alkyl substituents, a study could be coupled with computer graphic 
techniques and enzyme assays to define PLA2 's binding and catalytic requirements. 

3. PHOSPHOLIPID SYNTHESIS 

With alkylphosphorylcholines selected as initial synthetic targets, a general 
route that is compatible with a variety of substituents had to be identified. Classical 
phosphatidylcholine syntheses (Hirt and Berchtold, 1958) require stoichiometric 
amounts of expensive silver salts and an aqueous step that makes isolation of water
soluble short-chain phospholipids and preservation of moisture-sensitive substituents 
difficult (Path A, Fig. 2). Another approach (Thuong and Chabrier, 1974) employs 
2-chloro-2-oxo-1 ,2, 3-dioxaphospholane (Path B, Fig. 2), a secondary phosphate 
that reacts sluggishly with hindered alcohols. A more recently reported phospha
tidylcholine synthesis combines phosphatidic acid chloride with choline tosylate 
followed by an aqueous workup (Rosenthal, 1966; Brockerhoff and Ayengar, 1978). 
Although all of these approaches are ideal for lecithins, they have severe limitations 
for the preparation of synthetic probes needed for this study. 

BI CH 2CH 2OPOCI 2 0 1. H2O 0 
II II 6l 

ROH • ROPOCH 2CH 2Br • ROPOCH 2CH 2N(CH 3)3 
CHCI 3 I 2 NICH 3i3 I 

CI OH 

Path A 1 AgOAe" 199 
exchange column 

0 0 

II 0: N(CH 3)3 II 6l 
ROp/ • ROPOCH 2CH 2N (CH 3)3 

\0 I 
0-

Path B 

o 
o II Gel ROH 

FIGURE 2. Classical phosphorylcholine synthesis. 
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We have discovered an inexpensive, efficient (two-pot, three-step), anhydrous 
process (Fig. 3) for making alkylphospholipids that should be suitable for sensitive 
substrates. Treating the requisite alcohol (1) with stoichiometric amounts of phos
phorus oxychloride (2) and triethylamine under nitrogen in anhydrous ether at DoC 
generates in 0.5 hr the dichlorophosphate 3 in quantitative yield. The reaction 
mixture is filtered to remove the precipitated triethylamine hydrochloride salt and 
then diluted (0.08-0.1 M), cooled (DoC), and exposed to triethylamine (2 equiva
lents) and ethylene glycol. After approximately 12 hr, 3 is completely converted 
into the cyclic phosphate 4. This step takes advantage of primary-to-secondary 
phosphate reactivity followed by the facile intramolecular cyclization to the cyclic 
phosphate 4, overcoming the typically sluggish secondary-to-tertiary phosphate 
transformation. Simple filtration to remove triethylamine hydrochloride salt and 
concentration supplies a stable cyclic phosphate 4 (70-80% yield), which could be 
used directly in the last step without purification. If purification is desired, 4 could 
be subjected to silica gel chromatography using nonpolar solvents (dichloromethane, 
ether). Combining an acetonitrile solution of 4 and trimethylamine (3 equivalents) 
in a sealed tube for 30 hr at 75°C affords, on cooling, the desired crystalline n
alkylphosphorylcholines 5 in good yield (65-70%). Generally, the cool reaction 
mixture can be recrystallized (acetonile, tetrahydrofuran, acetone) or subjected to 
column chromatography to give pure phospholipids. 

0 
Et3N II 

ROH + POCI3 • ROPCI2 

1 2 3 

Et3N 1 OH OH 

Et20 

0 

?i)'J II ED N(CH3)3 

ROPOCH2CH2N(CH313 • ROP\ I CH3CN 0- 0 
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Alkyl 
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TABLE I. Alkylphosphorylcholine Properties8 
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IC50 (ILM) 

75 
75 
70 
11 
14 

19 
17 
15 

to 
8.8 
6.2 

17 

• P.S .. phosphorylation solvent; Ie,,,, 50% inhibitory concentration of porcine pancreatic PLA,; eH,eN, acetonile; 
TIfF, tetrabydrofuran; Et" 0, diethylether. 

Several n-alkyl- and n-alkylglycoletherphosphorylcholines have been effi
ciently prepared in this manner (Table I). This flexible synthetic procedure can 
accommodate a variety of aprotic solvents. Although most alcohols are rapidly 
phosphorylated with phosphorus oxychloride, the S-alkyl alcohols resisted phos
phorylation in ether under conditions in which both glycol and alkyl alcohols reacted. 
The polar nature of the thioether of the S-alkyl substrate may be responsible for 
micelle formation. The longer alkyl chains favor nonpolar interactions with the 
solvent (ether), thereby shielding the reactive alcohols from the polar phosphoryl
ating agent. Changing from ether with a low dielectric constant (4.2) to tetrahy
drofuran (7.6) or acetonitrile (38.8) should disrupt micelle formation and promote 
phosphorylation. In fact, as shown in Table I, combinations of tetrahydrofuran and 
acetonitrile resulted in quantitative phosphorylation. Uneventful cyclic phosphate 
formation (THF) followed by trimethylamine treatment completed the synthesis of 
phosphorylcholines. 

This approach offers several synthetic advantages. In an efficient two-pot 
process, moisture-sensitive compounds, substrates prone to form micelles, are easily 
transformed into phospholipids. Use of reactive and inexpensive reagents (phos
phorus oxychloride, ethylene glycol) insures rapid phosphorylation of unreactive 
alcohols and facile cyclic phosphate formation. Optional cyclic phosphate purifi
cation affords synthetic flexibility to prepare more complicated phospholipids. 
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4. PHOSPHOLIPASE A2 INHIBITION STUDIES 

To examine these phospholipids as PLA2 inhibitors, the enzyme assay reported 
by Hirata (1981) was employed. Determinations were performed below critical 
micelle concentration (CMC). Porcine pancreatic PLA2 (Sigma, 0.025 j.Lg) and 
phospholipid inhibitor are preincubated for 2 min at 37°C in buffer (25 mM tris; 
25 mM glycylglycine; 25 mM CaCh; 0.75 mM EDTA) at pH 8.5. Introduction of 
[l4C]arachidonate phosphatidylcholine (0.0096 mM, 0.05 j.LCi) initiates the enzy
matic reaction, which is quenched (dry ice) after 5 min at 37°C. The frozen mixture 
is thawed and then subjected to silica gel chromatography separating free 
[14C]arachidonic acid from unreacted [14C]arachidonate phosphatidylcholine. In this 
manner 50% inhibitor concentrations (ICso) were determined for mepacrine and 
alkylphosphorylcholines shown in Table I. 

As previously reported (Van Dam-Mierras, 1975), n-alkylphospholipids are 
good PLA2 inhibitors. Fivefold improved inhibition was observed with the longer
chain (9) versus shorter-chain (6) phosphorylcholines, which is consistent with 
phospholipase's preference for longer-chain lecithins (DeHaas et al .• 1971). Sim
ilarly, the S-alkyl series showed no significant improvement in PLA2 inhibition 
over the simple long-chain phosphorylcholine. However, the glycol series displayed 
a two- or threefold improvement in inhibition, thus demonstrating PLA2's selec
tivity. The S-alkyl series with the misplaced thioether shows virtually no interac
tions, unlike the glycol phospholipids with the same ether location as the natural 
lecithins. 

5. COMPUTER MODELING 

The availability of the bovine pancreatic X-ray structure, permits computer
assisted modeling of potential binding modes for the natural lecithin substrates and 
our synthetic alkylphospholipids in the active site. Molecular mechanics calculations 
have been used to refine the initial graphics fits of the ligands bound to this enzyme. 
The proposed binding conformations of lecithin have then been used to determine 
possible binding of the related phosphorylcholine inhibitors in the active site. From 
this preliminary study, short-chain phospholipids do not sufficiently occupy the 
large active-site lipophilic pocket, consistent with the biochemical results. Similarly, 
the glycol series provides additional nonbonded interaction with hydrophobic active
site residues. Additional details and implications will be reported later. 

6. SUMMARY 

In summary, a new efficient and general synthetic route to a variety of unnatural 
alkylphosphorylcholines has been presented. Significant improvements in PLA2 
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inhibitors have been discovered by systematically showing longer-chain and iso
electronic phospholipids to be better inhibitors. The bovine pancreatic phospholipase 
Az's X-ray structure is used to provide working models of substrate and inhibitor 
binding that can be probed and tested with synthetic phospholipids. These initial 
glycol phosphorylcholines are some of the most potent PLAz inhibitors reported 
to date and have extended our fundamental understanding of PLAz. This under
standing can assist in the future design and synthesis of more potent PLA2 

active-site inhibitors. 
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Antipyretic agents, 584 
Antithrombotic response, to fatty acids, 394 
Anturane Reinfarction Trial Research Group, 

412-413 
13-APA, and PGHrinduced calcium 

mobilization, 340-341 
Aqueous humor, 185, 186 
Arachidonate, 205-206 

cascade, 27 
and guanylate cyclase in HPBL, 502-503 
metabolites, in coronary venous blood, 

446-447 
and platelet phosphat idyl inositol metabolism 

studies, 207-211 
Arachidonate lipoxygenase products 

drug effects on, in psoriasis, 438 
pro inflammatory properties in human skin, 

436-437 
Arachidonate metabolism 

in asthma, 555-562 
chemiluminescence and, 615-616 
in TPA tumor promotion, 609-611 

Arachidonic acid 
in allograft rejection, 418 
and calcium mobilization, 336-339 

DDA effect on, 338-339, 340 
cascade, 125-126,670 
conversion of, 3-4 
and 1,2-diacylglycerol, 245-246 
effect of D-glucose on, 161-162 
fuel metabolism relevance to, 164-165 
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Arachidonic acid (cont.) 
glucocorticoids and, 119-120 

hypothetical modulation mechanism for, 
122 

and heme interaction, 362-363 
in human fetal membranes, 460, 461 
and isolation of leukotrienes, 19 
and lipid body composition, 223-232 
and lipid body subcellular pathways, 232-236 
and lipoxygenase substrate inhibition, 

598-599 
lipoxygenase-catalyzed, regulatory site of, 

141, 144-145 
lipoxygenase-mediated metabolism release of, 

158 
lymphatic absorption and, 396-400 
metabolism of, 160 

and HTM cells, 185, 187, 188-189 
and selenium deficiency, see Selenium 

deficiency 
stimulation mechanism by glucose, 

163-164 
metabolites, thin-layer chromatography of, 

534 
mitogen-induced release of, 482-483 
myocardial blood flow and, 323-326 
pathway in platelets, 205-206 
and phospholipase C activation, 387-388 
platelet shape change and, 388-389 
production, control of, 213-215 
in prostacyclin synthesis, 147, 149 
psoriasis and, 434-435 
release assay, murine macrophages and, 534 
transformation via lipoxygenase pathway of, 

566,567 
see also Fatty acids 

ART, see Anturane Reinfarction Trial Research 
Group 

Arterial insufficiency syndromes, 
pathophysiology of, 408-410 

Aryleicosanoids, see Arylmethyl phenyl ethers 
Arylmethyl phenyl ethers 

and histamine release inhibition, 636-637 
in vitro profiles of, 631-635 
inhibition mechanism of, 635-636 
molecular design of, 629-631 

ASA, see Aspirin 
ASM, see Airway smooth muscle 
Aspirin 

as cancer treatment, 621-622 
clinical benefits of, 410-411 
and gastric mucosal damage, 640-645 

INDEX 

Aspirin (cont.) 

history of, 583-585 
and human PMN 15-lipoxygenase, 139, 142 
PGh recovery following, 581 
plasma concentrations of, 580 
and prostacyclin synthesis, 150-154 
and thromboxane depression, 580-581 
and vascular cyclooxygenase activity, 263 

Aspirin in Transient Ischemic Attacks Study, 
411 

Aspirin Myocardial Study, 412 
Asthma, eicosanoid precursor fatty acids in, 

555-562 
Atherosclerosis, progression of, eicosanoids and, 

414-415 
Autoradiography, of lipid bodies, 223-237 
Azo analogue, calcium mobilization and, 

339-340 

Baroreflex function, PGE2 and, 328 
BEN, see Benoxaprofen 
Benoxaprofen 

and gastric mucosal damage, 640-645 
and lipoxygen8<e inhibition. 602, 604 

Bezold-larisch reflex, 322 
Biochemical cascades, for IgE-dependent 

mediator release, 496 
Biochemical selectivity, aspirin and, 579-581 
Bligh-Dyer extraction, of mast cells, 230-232 
Blood platelets, lipoxygenase in, see Platelet 

lipoxygenase 
Blood vessel, and prostacyclin interactions, 

261-264 
Boron trifluoride-methanol derivatization 

procedure, 401-402 
Bradycardia, 322, 329-330 
Butyrate induction, 178, 179 
BW755C, and Iipoxygenase inhibition, 601, 603 

Calcium 
lymphocyte activation and, 477-478 
in lymphocyte nuclear activation, 479-480 

Calcium ionophore A23187, PMN stimulation 
by, 104-106 

Calcium mobilization, 242-245 
effect of azo analogue and OKYI581 on, 

339-340 
epinephrine and ADP in, 353 
inhibition by PGh and other agents, 347-351 
intraplatelet 

effect of 7-IHA on, 336-339 
measurement of, 334-335 
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Calcium mobilization (cant.) 
PGHrinduced, effect of J3-APA on , 

340-341 
and phosphatidic acid generation, 246-248 
and phosphoinositide turnover, 387 
platelet preparation in, 334 
and platelet shape change, 335 
secretion measurement in, 335 
study materials in, 336 
TXB2 measurement in, 335-336 

Calcium-entry blockers, 520--526 
Calcium-free Krebs' solution, tracheal 

contractile response and, 521, 526-527 
cAMP, see Cyclic 3' ,5' -adenosine 

monophosphate 
Canadian Cooperative Study Group, 411 
Cancer, and prostaglandin synthesis, see Tumor 

prostaglandin synthesis 
Canine cortical collecting tubule 

cell isolation and properties of, 37-39 
prostaglandin-ADH interactions in, 39-44 

Carbon monoxide, inhibition of w-oxidation of 
LTB. by, 106-107 

Carcinogenesis, 169, 179 
Carcinogens, 609-610 

and chemiluminescence induction ability, 614 
Cardiac anaphylaxis, 275-276 

and FPL 55712, 276-277 
LTC. in, 279 

Cardiac ischemia, PAF produced, 308 
Cardiovascular function, effect of PGE2 on, 

328 
CASS, see Controlled Artery Surgery Study 
Catabolism 

of exogenous L TB. by human PMN, 100--10 I 
other cell types compared, 102 
with PMA stimulation of, 103-104 
time course of, 102 

CBF, see Coronary blood flow 
CCCT, see Canine cortical collecting tubule 
CCSG, see Canadian Cooperative Study Group 
Cell systems 

broken-, 594-595 
intact-, 593-594 
models 

granulosa, 171 
MOCK, 171-172 

Cellular differentiation, 169-170 
hormone responsiveness in, 170--171 
and MOCK cell model system, 171-172 
model systems of, 170 
see also MOCK cell differentiation 
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Cellular phospholipase A, Iipomodulin-regulated 
activity of, 121-122 

Cellular protein, measurement of, 195 
Cervix responses of, 471 
cGMP, see Cyclic 3' ,5' -guanosine 

monophosphate 
Chemiluminescence, 611-616 
Chemoattractants, in psoriasis, 433-436 
Chinchona, 584 
Chlortetracycline, 335 
Cholesterol 

distribution among lipoproteins, 399-400 
Iymphomatic absorption of, 396 
recovery in lymph, 397 
see also Lipoprotein cholesterol 

Cholesteryl ester, 263-264 
Chromatography, see Gas chromatography; 

High-performance liquid chromatography; 
Silicic acid chromatography; Thin-layer 
chromatography 

Chronic lymphocytic leukemia cells, 532 
Chylomicrons, 397-399 
CL, see Chemiluminescence 
CLL, see Chronic lymphocytic leukemia cells 
Colchicine, 583 
Colchicum autumnale, 583 
Collagen, 382-383 
Collecting tubule 

cAMP levels and, 35 
prostaglandin action mechanism in 

canine cortical, 37-39 
renal, 36-37 

Competition studies, in radioligand binding, 
314-315,317-318 

Con A, see Concanavalin A 
Concanavalin A, 475 

and cyclic nucleotides, 477-478 
Contractile activity 

in airway smooth muscle, 519-529 
and coronary perfusion pressure, 372-376 
failure of, and FPL 55712, 276-277 
in human labor, 465-471 

Controlled Artery Surgery Study, 414 
20-COOH-LTB., HPLC assay for, 98-100 
Coronary artery 

effects of PGE2 on, 326-328 
microsomes, 58 

Coronary blood flow 
cyclooxygenase metabolites in, 45 I 
PAF and, 303-309 
PGE2 in, 321-322, 328-330 
see also Myocardial blood flow 
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Coronary circulation, see Coronary blood flow 
Coronary perfusion pressure, and contractile 

force, 372-376 
Coronary venous blood, arachidonate 

metabolites in, 446-447 
Corticosteroids, and allograft rejection, 419 
CTC, see Chlortetracycline 
Cyanide, in PGH synthase, 30 
Cyclic 3' ,5' -adenosine monophosphate 

AVP-induced, 40-41 
in collecting tubule cells, 35 

and prostaglandin interaction, 36 
cyclic PIP and, 251, 255-256 
DNA synthesis and, 200, 201 

analogues in, 196-197, 198 
and lymphocyte activation, 477-478 
measurement of, 195 
and platelet function, 345, 347-349 
reduction, by epinephrine and ADP, 351-353 
role in MDCK cell differentiation, 177-178 
and vascular smooth muscle cells, 193-194 

Cyclic 3' ,5' -guanosine monophosphate 
and lymphocyte activation, 477-478 
in lymphocyte nuclear activation, 479-480 

Cyclic nucleotides, lymphocyte activation and 
477-478 

Cyclic phosphate formation, 673 
Cyclic PIP, see Prostaglandylinositol cyclic 

phosphate 
Cyclooxygenase 

and aspirin, 579-581 
eicosaenoic acids oxygenation and, 84 
metabolites, and eicosanoid release, 126-129 
in PGH synthase, 29-32 
platelet lipoxygenase and, 79 
prostacyclin synthesis via, see Prostacyclin 
in prostaglandin regulation, 262-263 
and pulmonary contractile responses, 269, 271 
tumor growth and metastasis control by, 

62~22 

Cyclooxygenase inhibition, 583-585 
anomalies in, 587-588 
development of, 586-587 
developments from, 588-589 
notion of, 585-586 

Cysteinyl leukotrlenes 
levels during myocardial ischemia, 452 
in myocardial infarction, 443, 445 
role evaluation of, 445-446 

Cytoplasmic lipid bodies, see Lipid bodies 

DAG, see 1,2-Diacylglycerol 
DDA, see 2' ,5'-Dideoxyadenosine 

3-Deazaadenosine, 493-494 
Degranulation, of mast cells, 234-236 

INDEX 

Delayed labor, and prostanoid production, 460, 
462 

Dense tubular system, 342 
heme and, 357 

Desensitization systems, 44 
DHA, see Docosahexaenoic acide 
1,2-Diacylglycerol 

arachidonic acid release and, 245-246 
in calcium mobilization, 349-350 
and mast cell activation, 493, 496 

Diclofenac, 645 
2'5'-Dideoxyadenosine 

and AA-induced calcium mobilization, 
338-339, 340 

DNA synthesis and, 197, 199-200 
DIDS, see 4,4' -Diisothiocyano-2,2' -disulfonic 

acid stilbene 
Differentiation, cellular, see Cellular 

differentiation 
4,4' -Diisothiocyano-2,2' -disulfonic acid stilbene, 

and LTB4 release, 128-129 
Diphenyl disulfide, 5-lipoxygenase inhibition by, 

599-601 
Dipyridamole clinical trials 

in saphenous vein bypass grafts, 413-414 
in secondary prevention of myocardial 

infarction, 413 
Dithiothreitol 

prostacyclin synthetase activity and, 60, 63 
prostaglandin E2 isomerase activity and, 61, 

62,65 
DMEM, see Dulbecco's modified essential 

medium 
DNA synthesis 

cAMP levels and, 200, 201 
and 2',5'-dideoxyadenosine, 197, 199-200 
effect of cAMP analogues, forskolin, and 

phosphodiesterase inhibitors on, 196-197 
effect of exogenous PGE, on, 195-196 
effect of exogenous PGh on, 195 
study procedures for, 194-195 
vascular smooth muscle cells and, 193 

Docosahexaenoic acid, 358 
and substrate competition, 364-365 

DPDS, see Diphenyl disulfide 
DPI, see Phosphatidylinositol-4-monophosphate 
Drugs 

competition for prostaglandin active site, 363 
nonsteroidal and antiinflammatory, see 

Nonsteroidal and antiinflammatory drugs 
DTS, see Dense tubular system 
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DTT, see Dithiothreitol 
Dulbecco's modified essential medium 

HTM cells in, 188, 190-191 
vascular smooth muscle cells in, 194, 196 

ECGF, see Endothelial cell growth factor 
EDRF, see Endothelial dependent relaxant factor 
EGF, see Epidermal growth factor 
Eicosaenoic acids, oxygenation of, 80-81 

hypothetical scheme for, 84 
Eicosanoids 

and allograft rejection, 417--421 
as spasmogens, 267-268 
clinical trials using, 410--415 
coronary levels with LAD flow restoration, 

450--451 
interactions between vascular walls and blood 

cells, 262 
macrophage production of, 541-543 
precursor fatty acids, asthma and, 555-562 
pulmonary contractile responses to, 269-272 
radioimmunoassay for, 533-534 
release of, 125-131 

cyanine dye Di-S-C)(5) and, 127 
see also Aspirin 

Eicosapentaenoic acid, 357-358 
anti thrombotic response and, 394 
hypolipidemic response to, 394 
lymphatic absorption and, 396--400 
and substrate competition, 364-365 
see also Fatty acids 

Eicosatetraynoic acid 
and guanylate cyclase, 504-505 
and lipoxygenase inhibition, 602-603 

Ejaculation, regulation of, 428-429 
Electrocardiography, in myocardial ischemia, 

449-450 
Endocardium, blood flow in, 325 
Endothelial cell growth factor, 153, 156 
Endothelial dependent relaxant factor, 272 
Endothelial prostaglandin biosynthesis, 

358-359 
Enzyme 

biosynthetic, 27 
rat lung, and labeled 12-HPETE mixture 

incubation, 112 
see also Individually named enzymes 

EPA, see Eicosapentaenoic acid 
Epicardium, blood flow in, 325 
Epidermal cell, chemiluminescence of, 613 
Epidermal growth factor, prostacyclin synthesis 

and, 148, 153-155, 156 
Epinephrine, 351-353 

695 

Ethyl acetate fractions, 5-6 
ETY A, see Eicosatetraynoic acid 

Fatty acids 
00-3 class of, 393-394 
distribution in lipoproteins, 397-399 
eicosanoid precursor, asthma and, 555-562 
experimental procedures for, 395 
lymphatic recovery in, 400 
lymphatic absorption of, 396 
monohydroxy, psoriasis and, 435-436 
monohydroxylated, production by 

macrophages, 566 
oxygenases of, 27 
recovery in lymph, 397 

Fc receptor, 531-532 
'Y2b expression, regulation of, 535-539 

Ferric chloride, and labeled 12-HPETE mixture 
incubation, 112-113 

results for, 113, 115 
Ferrous chloride, and labeled 12-HPETE mixture 

incubation, 112-113 
results for, 113, 1\5 

Ferrous iron, and platelet function, 360-363 
Fertility, male, prostaglandins and, 426-429 
Fetal membranes, prostanoid production and, 

459-460 
FGF, see Fibroblast growth factor 
Fibroblast growth factor, 153, 156 
Fibroblasts, scleral, 188-190 
f-Met-Leu-Phe 

and arachidonic acid release, 245-246 
and mobilization of calcium, 242-245 
neutrophil responses to, 248 
and phosphatidic acid generation, 

246-248 
Forskolin, DNA synthesis and, 197, 199 
FPL 55712 

as inhibitor of contractile failure, 276-277 
cardiac effects of, 372-375 

Fractionation, subcellular, of P388D, 
macrophages, 215 

fuel metabolism, 157-165 
and arachidonic acid physiology, 164-165 

G proteins, 245 
Gas chromatography, mitochondrial 

lipoxygenation and, 92-93 
Gastric mucosal damage, 640-652 
Glucagon sensitivity 

spontaneous, development of, 173-175 
and endogenous prostaglandin production, 

176 
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Glucocorticoids, 119 
cell responsive to, 122 
effect on intraocular pressure, 186 
induction of synthesis of lipomodulin by, 120 

mechanism of, 120--121 
mRNA level increase by, 121 

Glucose 
and arachidonic acid metabolism, 158-163 

stimulation mechanism in, 163-164 
Glutathione transferases, 69-70 

LTA. methyl ester conversion and, 70--71 
LTC4(C-1) monomethylester formation by, 70 

Grafts 
saphenous vein bypass, 413-414 
see also Allograft 

Granulosa cell model system, 171 
Growth factor, see Individually named growth 

factors 
GSHPx, see Selenium-dependent glutathione 

peroxidase 
Guanylate cyclase 

arachidonate and, 502-503 
HETE and HPETE and, 503-507 

and lipoxygenase inhibitors, 504 
in mitogen action, 480-484 
phospholipase A2 and, 502 

8H-II,12-EPETE, see 8-Hydroxy-II,12-
epoxyeicostratrienoic acid 

Helper cell, 547 
and LTB. activation pathways, 551, 552 

Hematin, and labeled 12-HPETE mixture 
incubation, 112 

results for, 113-115 
Heme 

and PGH synthase, 29 
and platelet function, 360-363 
and prostaglandin synthetase enzymes, 357 

Hemodynamics, in myocardial ischemia, 
449-450 

Hepatobiliary carcinoma cells, 237 
Heterotopic cardiac allograft, survival of, 

419-420 
HETE, see Hydroxyeicosatetraenoic acid 
High-performance liquid chromatography 

and assay for LTB., 98-100 
of guinea pig lung, 512-515 
of products from incubated leukocytes, 7 

Histamine 
arylmethyl phenyl ethers and, 636-637 
contractile failure and, 276 
tracheal contractile response to, 521, 525 

13-HODD, see 13-Hydroxy-9,1O
octadecadienoic acid 

Hormone responsiveness, 170-171 
of MDCK cells, 172 

INDEX 

HPBL, see Human peripheral blood lymphocytes 
5-HPETE, see 5(S)-hydroperoxy-6,8,II,14-

eicosatetraenoic acid 
HPETE, see Hydroperoxyeicosatetraenoic acid 
HPLC, see High-performance liquid 

chromatography 
HSF, see Scleral fibroblasts 
HTM, see Human trabecular meshwork 
Human labor 

cervical responses before and during, 471 
dysfunctional, and prostanoid production, 

460,462 
oxytocin in, 458, 459 
process of, 465-466 
prostaglandins in, 457-458 
uterine responses before and during, 471 

Human peripheral blood lymphocytes 
guanylate cyclase stimulation in, 501-508 
mitogen activation of, 501 

Human seminal fluid 
prostaglandin concentration in, 424-425 
prostaglandin measurement in, 423-424 

Human seminal plasma 
prostaglandin concentration in, 425 
prostaglandin production regulation in, 426, 

427 
Human skin, arachidonate lipoxygenase products 

and, 436-437 
Human trabecular meshwork, 185 

and archidonic acid metabolism, 187, 
188-189 

cell culture of, 187 
from POAG patients, 186 
and prostaglandin release, 187, 188, 190 
and steroid treatment, 188, 191 

Hydrogenation, catalytic, of compound II, 
9-10 

Hydrolysis 
cholesteryl ester, 264 
lysophospholipid,218 

Hydroperoxide 
from 12-HPETE, 111-112 
and PGH synthase, 29-30, 31-32 

Hydroperoxyeicosatetraenoic acid 
5-, lymphocyte activation and, 483 
and guanylate cyclase in HPBL, 503-507 
and tumor promotion, 611 
12-

effect of glucose on, 161-162 
hydroperoxides from, 111-112 
NICI analysis of, 113, 114 
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Hydroperoxyeicosatetraenoic acid (cont.) 

12- (cont.) 
[ 160J_ and [lsOJ-labeled, 112-113 

15-, suppressor cell induction by, 569-570 
Hydroxy fatty acid metabolites, reticulocyte 

lipoxygenase and, 93 
8-Hydroxy-II,12-epoxyeicosatrienoic acid, from 

12-HPE, 111-112 
13-Hydroxy-9,IO-octadecadienoic acid, 435 
Hydroxyeicosatetraenoic acid, 133 

5-
in gastric mucosa, 642-643, 645 
lymphocyte activation and, 483 

and coronary vasoconstrictor factor, 139 
effect of glucose on, 161-162 
and guanylate cyclase in HPBL, 503-507 
and 5-lipoxygenase activation, 134-137 
15-

molecular design of, 630-631 
ORTEP drawings of, 632 
suppressor cell induction by, 569-570 

Hypercholesterolemia, 263 
Hypolipidemic response, to EPA-containing 

diets, 394 

IBMX, DNA synthesis and, 197, 199,201 
Ibuprofen, and human PMN 15-lipoxygenase, 

139, 141, 142 
IgE 

-dependent mediator release, 488 
biochemical cascade for, 496 

Fc receptor for, 531 
mast cell receptors for, 487 
receptor bridging, 488-491 

IgG, receptors for, 532-533 
IgG IIIgG2b receptor, assay for, 533 
7-IHA, and intraplatelet calcium mobilization, 

336-339 
Immunoreactivity, of L TC4 , 22-23 
Immunosuppression, lipoxygenase product

induced, 571-572 
IND, see Indomethacin 
Indomethacin 

for cancer patients, 621 
concentrations in gastric mucosa, 647-648 
contractile failure and, 276-277 
and cyclooxygenase reaction kinetics, 31 
and ferrous iron interaction, 361 
and gastric mucosal damage, 640-645 
and human PMN 15-lipoxygenase, 139, 142 
inhibition of TPA-induced CL, 612 
pulmonary contractile responses to, 269-270 

Infarction, see Myocardial infarction 

Inflammation 
and cyclooxygenase inhibition, 589 
drugs for, see Nonsteroidal and 

antiinflammatory drugs 
Inhibition 

by aryleicosanoids, 635-636 
cyclooxygenase, 583-585 
lipoxygenase, 599-604 

Inotropism 
effects in papillary muscle, 372-373 
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effects of LTC., PAF and PGD2 compared, 
279-283 

negative effect of leukotrienes and, 279, 
283-284 

SRS-A and HPLC-purified SRS and, 
277-279 

Insulin, lipoxygenase-mediated metabolism 
release of, 158 

interleukin I, 475 
Interleukin II, 475 
Intestinal absorption, of fatty acids, 400-401 
Intracellular glycopenia, 165 
Intraocular pressure, 185, 186 
Ionophore A23187 

and histamine release from mast cells, 
497-498 

and isolation of leukotrienes, 19 
-stimulated human leukocytes, 125-131 

lOP, see Intraocular pressure 
Ischemia 

myocardial, see Myocardial ischemia 
see also Transient ischemic attacks 

Islets, pancreatic, see Pancreatic islets 

6-Keto-PGF la, 303 
coronary levels of, 451-452 
from pulmonary vessels, 269, 271-272 

Kidney cell differentiation, see MDCK cell 
differentiation 

Labor, human, see Human labor 
Lectin mitogens, lymphocyte activation by, 

476-477 
Leukocytes 

A23187 -stimulated 
and eicosanoid release, 129 
materials and methods for, 126 
results for, 127-128 

in body defense mechanisms, 125 
compounds I and II from 

isolation of, 7 
scheme of formation for, 14-15 
structures of, 7-11 
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Leukocytes (cont.) 

human polymorphonuclear, see 
Polymorphonuclear leukocytes 

incubation of, 4, 7 
5-lipoxygenase from, 658-660 
LTB4 biosynthesis in, 655--666 
membrane biochemical events model, 130 

Leukotrienes, 3 
~ methyl ester, 70-71 
B4, 97-98 

Ill-oxidation inhibition of, 106-107 
in anaphylactic guinea pig lung, 511-516 
and arachidonic acid release, 245-246 
biosynthesis in human leukocytes, 655--666 
and calcium mobilization, 242-245 
exogenous, catabolism by human PMN, 

100-104 
generation by human PMN, 104 -106 
HPLC for, 98-100 
lymphocyte functions and, 547-548 
neutrophil responses to, 248 
and phosphatidic acid generation, 246-248 
release in human leukocytes, 128-129 
suppressor cell induction by, 570-571 

C4 

(C-l) monomethylester, 70 
binding sites for, 314-317 
-BSA conjugate, 25 
in cardiac anaphylaxis, 279, 280 
immunohistochemical determination of, 

22-23 
immunoreactivity, coronary levels of, 444, 

448, 450-451 
in vivo metabolism in rat, 72-77 
inotropic and vasoconstricting effects of, 

279, 281 
regional distribution of, 21-22 
tracheal contractile response to, 

521-522 
cysteinyl, see Cysteinyl leukotrienes 
D4 

in anaphylactic guinea pig lung, 
511-516 

binding sites for, 317-318 
pulmonary vascular responses to, 289-291 

in other species, 293-294 
in sheep, 291-293 

tracheal contractile response to, 521-522 
~ 

metabolism by rat liver homogenates, 72 
tracheal contractile response to, 523 

F4, tracheal contractile response to, 523 

Leukotrienes (cont.) 

isolation from rat brain, 19-21 
and LH release, 23-24 
in myocardial infarction, 453 
negative inotropic effect of, 283-284 
production of, 17-18 

INDEX 

pulmonary contractile repsonses to, 269-270 
pUlmonary hemodynamic actions of, 267-268 
sulfidopeptide receptors, see Sulfidopeptide 

leukotrienes 
see also Peptidoleukotrienes 

Lipid bodies, 221-223 
composition of, 223-232 
subcellular pathways and, 232-236 

Lipid droplets, see Lipid bodies 
Lipomodulin 

cellular phospholipase A activity regulation 
by, 121-122 

synthesis of, induction by glucocorticoids, 
120 

mechanism of, 120-121 
Lipoprotein cholesterol, 393-394 
Lipoproteins 

collection procedures for, 395-396 
fatty acid distribution in, 397-399 

Lipoxins 
A, neutrophil responses to, 11-14 
and compounds I and II 

isolation of, 7 
scheme of formation for, 14-15 
structures of, 7-11 

study materials and methods for, 4-5 
Lipoxygenase 

5-, 133-137 
arylmethyl phenyl ethers and, 627-637 

627-637 
in broken-cell systems, 594-595 
effect of calcium on, 659 
from human leukocytes, 658-660 
and inhibition by disulfides, 600 
inhibition of, 660 
in intact-cell systems, 593-594 
mammalian, stimulators of, 138 
redox inhibition of, 597 
and substrate inhibition, 598-599 

12-, 137, 139 
inhibition by REV 5741, 

635-636 
mammalian, stimulators of, 140 

15-, 139, 141 
ibuprofen stimulation of, 139, 142 
mammalian, stimulators of, 143 
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Lipoxygenase (cont.) 

arachidonate, see Arachidonate lipoxygenase 
products 

and arachidonic acid metabolism, 141, 
144-145 

biological activities of, 566-569 
of human blood platelets, see Platelet 

lipoxygenase 
inhibition in guanylate cyclase stimulation in 

HPBL, 504-505 
inhibitors of. 599-604 
interaction products, see Lipoxins 
in lung enzyme systems, 511-516 
metabolites, and eicosanoid release, 126-129 
product -induced immunosuppression, 

mechanisms of, 571-572 
reticulocyte, and mitochondrial 

lipoxygenation, see Mitochondrial 
lipoxygenation 

T lymphocytes and, 484 
Lipoxygenase pathways 

and arachidonic acid conversion, 3-4 
arachidonic acid transformation via, 566, 567 
and compounds I and I 

isolation of. 7 
scheme of formation for, 14-15 
structures of, 7-11 

in human platelets, 79-83 
Lipoxygenation, mitochondrial, see 

Mitochondrial lipoxygenation 
LPC, see Lysophosphatidylcholine 
L T, see Leukotrienes 
LU-65 cell line, PES characterization from, 

49-53 
Lung, leukotriene release in, 511-516 
Luteinizing hormone 

leukotrienes and, 23-24 
-releasing hormone, 24, 25 

Lymph 
collection procedures for, 395 
fatty acid and cholesterol recoveries in, 

397 
Lymphatic absorption, of fatty acids and 

cholesterol, 396-400 
lymphatic transport, of cholesterol and fatty 

acids, 400-402 
Lymphocytes 

activation of, 476-477 
calcium in, 478-479 
cyclic nucleotides in, 477-478 
nuclear, 479-480 

effect of LTB. on, 547-548 
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Lymphocytes (cont.) 

proliferation of, mitogen-induced, 548 
see also Human peripheral blood lymphocytes 

Lysophosphatidylcholine, 205-206 
Lysophospholipases, role of, 216-218 
Lysosomal elastase release, by human 

neutrophils, 12-13 

Macrophage 
lipid bodies and, 226-230 
monohydroxylated fatty acid production by. 

566 
murine, see Murine macrophages 
P3880, cell line 

Iysophospholipase activity in, 217 
phospholipases in, 215-216, 218-219 
subcellular fractionation of, 215 

in Whipple's disease, 224 
MAG, see Monoacylglycerol 
Mast cells 

biochemical cascade for, 496 
biochemical events involved in mediator 

release from, 497-498 
lipid bodies and, 225-226, 230-233 

degranulation of, 234-236 
mediator release in, 487-488 
membrane-associated proteolytic enzymes 

and, 491-492 
and methyltransferases and adenylate cyclase 

stimulation, 488-491 
MOCK cell differentiation 

by endogenous prostaglandins, 173-174 
by exogenous prostaglandins, 175-178 
inhibition of, 178-179 

MOCK cell model system, 171-172 
Me3Si derivative, 7-10 

n-butylboronate, 10-11 
Mediator release 

biochemical cascade for, 496 
biochemical events involved in, 

497-498 
IgE-dependent, 488 

Metastasis 
aspirin and theophylline treatment for, 

622-623 
cyclooxygenase inhibitors in control of, 

620-622 
9,II-Methanoepoxy-PGH2 

cardiac effects of, 375-376 
pulmonary contractile responses to, 269 

Methylprednisolone, organ transplantation and, 
419-420 
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Methyltransferases, and bridging of IgE 
receptors, 488-491 

Microsomes, coronary arterial, 58 
Microvascular injury, NSAI drugs and, 645-652 
Millipore filters 

cccr cells on, 39 
and prostaglandin-ADH interactions, 39-42 

Mitochondrial Iipoxygenation, 87-88 
product formation during, 92-94 
and respiratory inhibition, 88-92 

Mitogen action, guanylate cyclase activation in, 
480--484 

Mitogenesis, and human peripheral blood 
lymphocytes, 501 

Mitoplasts, Iipoxygenation of, 90-92 
Monoacylglycerol, and mast cell activation, 493, 

496 
MOPS, see 3-(N-morpholino)propanesulfonic 

acid 
mRNA, glucocorticoids and, 121 
Murine keratinocytes, chemiluminescence and, 

609-616 
Murine macrophages, 532 

arachidonic acid and, 534 
cultures of, 533 
eicosanoid production by, 542-543 
Fc,2b receptor expression regulation in vitro, 

535-539 
IgG"IgG2b receptor expression and, 533 
other reagents and, 534, 536 
radioimmunoassay for eicosanoids and, 

533-534 
and receptor-mediated phospholipase activity, 

538-541 
regulation of, 540, 542 

Muscle 
airway smooth, see Airway smooth muscle 
vascular smooth, see Vascular smooth muscle 

cells 
Myocardial blood flow, transmural distribution 

of, 323-326 
Myocardial infarction 

acute, 408-409 
aspirin trials for, 411-413 

cysteinyl leukotrienes in, 443, 445 
leukotrienes and white blood cells in, 

452-453 
Myocardial ischemia 

base-line hemodynamic data for, 447-449 
cysteinyl leukotrienes levels during, 452 
evidence for, 450 

INDEX 

Myocardial ischemia (cont.) 

radioimmunoassays and lactate determination 
in, 449 

myo-Inositol, and cyclic PIP, 255 

N-acetyl-II-transleukotriene ~, 75-76 
N-acetylleukotriene ~, 75-76 
Nafazatrom, and lipoxygenase inhibition, 601, 

603 
Naproxen, and prostaglandin production, 426, 

427 
NBT, see Nitroblue tetrazolium 
NDGA, see Nordihydroguaiaretic acid 
NE, see Norepinephrine 
Negative ion chemical ionization detection, 113, 

114 
Neutrophil, 223 

activation by LTB4, 656 
chemoattractants in psoriasis, 433-436 
responses to f-Met-Leu-Phe and leukotriene 

B4,248 
responses to lipoxin A, 11-14 

Newman-Keuls test, 449 
NICI, see Negative ion chemical ionization 

detection 
Nitroblue tetrazolium 

platelet function inhibition and, 360-362 
and polyenoic oxidation, 360 

3-(N-morpholino)propanesulfonic acid, and 
LTB4 release, 128 

Nonendocrine cells, arachidonic acid physiology 
in, 164-165 

Nonhematopoietic model systems, 180 
Nonsteroidal-antiinflammatory drugs, 

639-640 
concentrations in gastric mucosa, 640-642 
and content of 5-HETE in gastric mucosa, 

642-643, 645 
and gastric mucosal damage, 642-645 
microvascular injury and, 645-652 
PES incubation and, 48 

Nordihydroguaiaretic acid 
and guanylate cyclase, 504-505 
and Iipoxygenase inhibition, 60 I 

Norepinephrine 
pulmonary contractile responses to, 269 
uterine responses to, 467, 471 

NSAI, see Nonsteroidal-antiinflammatory drugs 

ODC, see Ornithine decarboxylase 
20-0H-LTB4, HPLC assay for, 98-100 
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OKYI581 
calcium mobilization and, 339-340 
pUlmonary vascular responses to, 291-293 

Oleic acid 
lymphatic absorption in, 396--400 
see also Fatty acids 

Organ transplantation, eicosanoids and, 417-421 
Ornithine decarboxylase, 610 
12-0-tetradecanoylphorbol-13-acetate, 178-179, 

180 
chemiluminescence and, 611-616 
tumor promotion and, 609-610 

Ovalbumin, guinea pig lung sensitization by, 
512-515 

OX, see Oxytocin 
w-Oxidation 

inhibition, of LTB., 106-107 
specificity, of human PMN, 102-103 

Oxygen 
and heme-arachidonic interaction, 362-363 
Iipoxygenase reaction to, 597-598 
mitochondrial lipoxygenation and, 88-90 

Oxygenation, of eicosaenoic acids, 80-81, 84 
Oxytocin 

and delayed labor, 458, 459 
and PGF levels, 460, 462 
uterine responses to, 467, 471 

PA, see Phosphatidic acid 
P AF, see Platelet -activating factor 
Pancreatic islets 

and arachidonic acid metabolism, 159, 160 
and lipoxygenase-mediated metabolism, 158 

Papillary muscle, inotropic effects of 
leukotrienes in, 372-373 

PARIS, see Persantine-Aspirin Reinfarction 
Study Research Group 

pc, see Phosphatidylcholine 
POE, see Phosphatidyl-N,N-

dimethylethanolamine 
PooF, see Platelet-derived growth factor 
PE, see Phosphatidylethanolamine 
Peptides, complement-driven, 497 
Peptidoleukotrienes, cardiac effects of, 371 

coronary perfusion pressure and, 372-373 
with FPL-55712, 372, 374-375 
with U-46619, 375-376 

in isolated papillary muscle, 372-373 
study methods in , 371-372 

Percutaneous transluminal coronary angioplasty, 
414 
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Peroxidase activity, 595-597 
Peroxidase-dehydrase competition, 596 
Persantine-Aspirin Reinfarction Study Research 

Group, 413 
PES, see Prostaglandins, endoperoxide synthase 
PGh, see Prostacyclin 
PHA, see Phytohemagglutinin 
Phagocytosis, zymosan, 233-234, 235 
Pharmacokinetic studies, of "low"-dose aspirin, 

579-581 
Phenylmethylsulfonylfluoride, 92 
Phorbol myristate acetate 

and guanylate cyclase, 505, 507 
PMN stimulated with, 103-104 

Phosphate, and cyclic PIP, 254-255 
Phosphatidic acid, 206 

calcium mobilization and, 246-248 
and mast cell activation, 493-496 

Phosphatidylcholine, 205-206 
and mast cell activation, 493-496 

Phosphatidylethanolamine, 493 
Phosphatidylinositol, 205-206 

and mast cell activation, 493-496 
and platelet metabolism studies, 207-211 

Phosphatidylinositol-4,5-diphosphate, breakdown 
in calcium mobilization, 349-350 

Phosphatidylinositol-4,5-biphosphate, and 
calcium mobilization, 243-244 

Phosphatidylinositol-4-monophosphate, and 
calcium mobilization, 243-244 

Phosphatidyl-N-monomethylethanolamine, 
493-494 

Phosphatidyl-N ,N-dimethylethanolamine, 494 
Phosphodiesterase inhibitor, DNA synthesis and, 

197, 199,201 
Phosphoinositide 

breakdown, and calcium mobilization, 387 
degradation of, 389 
metabolism, and calcium mobilization, 

242-245 
platelet function and, 347 
turnover, platelet activation mechanisms and, 

390-391 
Phospholipase 

A2 inhibition, 669-671 
and computer modeling, 674 
studies of, 674 

action site of, 214 
and arachidonic acid release, 213-214 
C,387-388 

platelets and, 388-390 
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Phospholipase (cont.) 

and guanylate cyclase in HPBL, 502 
inhibitory proteins, II 9-120 

see also Lipomodulin 
macrophage cell line, 215-216 
receptor-mediated activity, 538-541 

regulation of, 540, 542 
see also Lysophospholipases 

Phospholipid 
cellular membrane, degradation of, 387-388 
-diacylglycerol cycle, 493-496 
methylation, 492-496 
in plasma, asthma and, 555-562 
synthesis, 671-673 

Phosphorylation 
of phosphorylase b, 256 
of proteins, 121-122 

Phosphorylcholine synthesis 
classiCal, 671 
new, 672 

Phytohemagglutinin, 475 
and cyclic nucleotides, 477-478 
and guanylate cyclase, 505, 507 

PI, see Phosphatidylinositol 
PIP, see Prostaglandy linositol cyclic phosphate 
PIP2 , see Phosphatidylinositol-4,5-diphosphate 
Piroxicam, microvascular injury and, 645-646 
Plasma 6-keto-PGF1a , assay of, 303 
Plasma lactate 

assay of, 303 
during cardiac ischemia, 308 

Plasma leukotriene C. immunoreactivity, 303 
during cardiac ischemia, 308 

Plasma phospholipids, asthma and, 555-562 
Plasma thromboxane 

B2 , assay of, 303 
B., during cardiac ischemia, 308 

Platelet aggregation 
phosphoinositide turnover and, 390 

mechanisms of, 390-391 
and selenium deficiency, 381-382 

Platelet function, 345-347 
ferrous iron and heme-complexing agents and, 

360--363 
Platelet lipoxygenase, 79-80 

aggregation modulation and, 82-83 
eicosaenoic acids oxygenation and, 80--81 
subcellular localization of, 81-82 

Platelet phosphatidylinositol metabolism studies, 
207-211 

Platelet prostaglandin biosynthesis, 
359-360 

Platelet release reaction, 390 
mechanisms of, 390-391 

Platelet shape change, 388-389 
mechanisms of, 390-391 

Platelet thromboxane, 261 
Platelet-activating factor, 301-302 

as anaphylactic mediator, 281-283 
and coronary blood flow, 303-309 
in domestic pigs, 302-303 

INDEX 

Platelet-derived growth factor, 153, 156 
vascular smooth muscle cells and, 193,202 

Platelets 
calcium mobilization and, 333-335 
lipid bodies in, 225 
and phosphoinositide turnover, mechanisms 

of,391 
prostaglandin synthetase localization in, 359 

PMA, see Phorbol myristate acetate 
PME, see Phosphatidyl-N-

monomethylethanolamine 
PMN, see Polymorphonuclear leukocytes 
PMSF, see Phenylmethylsulfonylfluoride 
POAG, see Primary open angle glaucoma 
Polyenoic acid, 358-359 

oxidation in cell-free system, 359-360 
see also Arachidonic acid 

Polymorphonuclear leukocytes, human 
asthma and, 555-562 
and 5-lipoxygenase, 134-137 
and 12-lipoxygenase, 139, 141, 142 
LTB. catabolism in, 97-98, 100-101 

and w-oxidation specificity, 102-103 
other cell types compared, 102 
phorbol myristate acetate stimulated, 

103-104 
time course of, 102 

LTB. generation by, 104-106 
w-oxidation inhibition of, 106-107 

Postphospholipase activation, of lipoxygenase 
systems, 133-145 

Primary open angle glaucoma, 186 
Prostacyclin 

coronary circulation and, 321-322 
and DNA synthesis, 195-196,200-202 
synthesis in vascular smooth muscle cells, 

147-148, 193-194 
culture procedures for, 148-149 
incubation with [14C]arachidonic acid, 

149 
results of, 150--155 
TLC-autoradiography procedures for, 

149-150 
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Prostacyclin (cont.) 

synthetase, 57-58, 62--64 
activity date for, 59-61 
coronary arterial, 65 

vascular, 261 
Prostaglandins 

active site competition on 
by drugs, 363 
by substrates, 364-366 

and ADH interactions in CCCT cells, 39-44 
and cancer cells. see Tumor prostaglandin 

synthesis 
cell differentiation regulation and, 169-170 

spontaneous glucagon sensitivity in, 173, 
174 

cyclooxygenase regulation of, 262-263 
D synthase, 28 
D2, as anaphylactic mediator, 282-283 
and DNA synthesis, 195-197,201-202 
E series, 179-181 
E synthase, 28 

and cyclic PIP, 254 
E2 

in coronary circulation, 321-322 
gastric mucosal levels of. 640 
myocardial blood flow and, 323-326 
uterine responses to, 467-468, 470-471 

E2 isomerase, 57, 64-65 
activity data for, 60-62 
coronary arterial, 65 

and ejaculation regulation, 428-429 
endogenous, production regulation of, 174, 

176 
endoperoxide synthase, 47-49 

from Lu-65 cell line, 49-53 
exogenous, induction regulation of MDCK 

cells by, 175-176 

F2 

characterization of, 176 
role of cAMP in, 177-178 

in human labor, 460, 462 
tracheal contractile response to, 521, 

524 
uterine responses to, 468-469, 470-471 

and fertility of males, 426-429 
H synthase, 29-32 
H2 

calcium mobilization and, 333-334 
and HTM cells, 187, 188. 190 

in human seminal fluid 
concentration of, 424-425 
measurement of, 423-424 

Prostaglandins (cont.) 

in human seminal plasma, 426, 427 
I synthase, 28-29 
h 
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and epinephrine, antagonism of. 351-352 
inhibition of CA2+ mobilization by, 

347-351 
recovery after aspirin. 581 
uterine responses to, 468-471 

in non hematopoietic model systems, 180 
precursors for, platelet Jipoxygenase and, 

80-81 
production by MDCK cells, 173-174 
receptor binding of, 35-36 
and renal collecting tubule model. 36-37 
in semen, 425-426 
sperm characteristics and, 428-429 
synthetase localization in platelets, 359 
vascular, and cholesteryl ester regulation, 

263-264 
Prostaglandylinositol cyclic phosphate 

as antagonist to cAMP, 255-256 
chemical structure of, 254-255, 256 
isolation and assay of, 251-252 
purification of, 252-253 

Prostanoids 
formation of, 81-82 
intrauterine production of, 459-462 

Protein, cellular, measurement of, 195 
Psoriasis, 433 

arachidonate lipoxygenase products and, 438 
neutrophil chemoattractants in, 433-436 

PTCA, see Percutaneous transluminal coronary 
angioplasty 

Pulmonary vessels 
contractile responses of, 269-272 

materials and methods for, 268 
Purkinje cells, 25 

Quinine. 584 

Radioligand binding studies, 316 
with eH]LTC., 314-317 
with [3H]LTD., 317-318 

Rat, leukotrienes in, 17-25 
Redox reagents, 597-598 
"Regulator-site" hypothesis, 159 
Respiratory inhibition, mitochondrial 

lipoxygenation and, 88-92 
REV 5367 

molecular design of, 630--631 
ORTEP drawings of, 632 
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5-(S)-hydroperoxy-6-8,II,14-eicosatetraenoic 
acid,3 

S-adenosyl-L-methionine, 493 
Salicin. 584 
Salicylates 

history of, 583-585 
see also Aspirin 

Salix alba vulgaris. 584 
SAM, see S-adenosyl-L-methionine 
Saphenous vein bypass grafts, 413-414 
Schlemm's canal, 185, 186 
Scleral fibroblasts, 188-190 
Selenium deficiency 

and arachidonic acid metabolism, 379-380 
study materials and methods for, 380-381 

effect on collagen-induced TxB2 synthesis, 
382-383 

and platelet aggregation, 381-382 
Selenium-dependent glutathione peroxidase 

and archidonic acid metabolism, 379-380 
and selenium tieficiency, see Selenium 

deficiency 
Semen 

origin of prostaglandins in, 425-426 
see also Human seminal fluid 

Seminal fluid, see Human seminal fluid 
Serum, cell differentiation inhibition by, 

178-179, 181 
Serum creatinine, following kidney 

transplantation, 420 
Serum lipomodulin, following kidney 

transplantation, 420 
Silicic acid chromatrography, ethyl acetate 

fractions following, 5-6 
Skin 

human, 436-437 
mouse, tumor promotion in, 609-611 

Sodium meclofenamate, pUlmonary vascular 
responses to, 291-293 

Spasmogens, and calcium-entry blockers, 
520-526 

Sperm 
characteristics, and prostaglandin 

concentration, 428-429 
passive transport of, 429 

Spirea ulmaria. 584 
Splenocyte Lyt markers, modification by 15-

HETE, 569-570 
SRS-A 

contractile failure and, 277 
negative inotropic and coronary 

vasoconstricting effects of, 277-279 

Stereochemistry, 10-11 
Steroids 

and cyclooxygenase inhibition, 589 
and HTM cells, 188, 190-191 

Subcellular fractionation, of P388D, 
macrophages, 215 

Substrates, and prostaglandin active site, 
364-366 

Sudden death, 409 
Sulfidopeptide leukotrienes 

psoriasis and, 436 
receptors, evidence for, 311-313 

from physiological studies, 318-319 

INDEX 

from radioligand binding studies, 318-319 
Sulfinpyrazone, clinical trials for, 412-413 
Sulindac, gastric mucosal damage by, 649-651 
Superoxide anion generation, by human 

neutrophils, 12-13 
Suppressor cell, 547 

assay, 548-549 
induction by 15-HPETE and 15-HETE, 

569-570 
induction by L TB. and, 570-571 
LTB. and, 549-551 

T lymphocyte 
as LTB. target, 549-550, 552 
in G, phase, 475-476 
and lipoxygenase products, 484 
proliferation, 15-HETE inhibition of, 568-569 
see also Suppressor cell 

Tetrodotoxin, and eicosanoid release, 128 
Theophylline, as cancer therapy, 622 
THF, see Cyclic phosphate formation 
Thin-layer chromatography 

of arachidonic acid, 534 
and lipoxygenase pathway interactions, 4-5, 6 
of mast cells, 230-232 
in prostacyclin synthesis, 149-150 

Thrombin, 205 
and platelet phosphatidylinositol metabolism 

studies, 207-211 
Thromboxane 

A synthase, 28 
A2, and allograft rejection, 418-420 
aspirin and, 580-581 
B2 

coronary levels of, 451-452 
from pulmonary vessels, 269, 271-272 

in calcium mobilization, 333-334, 335-336 
effect of azo analogue and OKYI581 on, 

339-340 
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Thromboxane (cont.) 

in calcium mobilization (cont.) 

effect of 7-IHA on, 336-338 
collagen-induced synthesis, selenium 

deficiency and, 382-383 
see also Plasma thromboxane; Platelet 

thromboxane 
TLC, see Thin-layer chromatography 
TPA, see 12-0-tetradecanoylphorbol-13-acetate 
TPI, see Phosphatidylinositol-4,5-biphosphate 
Trabecular meshwork, see Human trabecular 

meshwork 
Trachea, smooth muscle contractility in, 

520-529 
Transcription, regulation of, 35 
Transient ischemic attacks, 408 

aspirin trials and, 411 
Transplantation, see Allograft; Organ 

transplantation 
TTX, see Tetrodotoxin 
Tumor 

growth and metastasis, control of, 
620-622 

promotion, in mouse skin, 609-611 
Tumor prostaglandin synthesis, 620 

and cyclooxygenase inhibitors, 620-622 
future research in , 623-624 
nonsteroid antiinflammatory agents and, 

622-623 
Two-receptor model, of prostaglandin action, 

35,43 

U-44069, tracheal contractile response to, 521, 
524 

U-46619, see 9,II-Methanoepoxy-PGH2 

Ulcerogenicity, and NSAI drugs, 645-652 
Uterus 

in normal labor, 465--466 

Uterus (cont.) 

prostanoid production and, 459--462 
responses before and during labor of, 471 

Valinomycin, and A23187, effect on human 
leukocytes, 128 
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Vascular pressure, LTD. influence on, 291-292 
Vascular smooth muscle cells 

cAMP and, 193-194 
cholesteryl ester regulation and, 263-264 
and DNA synthesis, 193 

procedures for, 194-195 
prostacyclin synthesis in 

methods for, 148-150 
results of, 150-155 

reagents for, 194 
see also Airway smooth muscle 

Vasoconstriction 
cardiac effects of, 372-376 
coronary 

from SRS-A and HPLC-purified SRS, 
277-279 

from synthetic LTC., 279 
pulmonary, responses to LTD., 289-297 

Vasopressin, prostaglandin-ADH interactions 
and, 40, 43 

Ventilation, LTD. and, 293 
VLDL, fatty acid distribution in, 397-399 

Weibel-Palade bodies, 236 
Whipple's bacilli, 223 
Whipple's disease, 223, 224 
White blood cells, in myocardial infarction, 

452--453 

Yohimbine, 353 

Zymosan phagocytosis, 233-234, 235 
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