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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 C, 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.
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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 A, 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 VI—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 A, 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

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-6,8,11,14-
eicosatetraenoic acid (5-HPETE), which may be further transformed into leuko-
trienes (Borgeat ef al., 1976; Borgeat and Samuelsson, 1979). Leukotrienes, par-
ticularly LTB, and LTC,, are believed to serve as mediators in both immediate
hypersensitivity reactions and inflammation (Samuelsson, 1983). In fact, leukotriene
B, serves as a complete secretagogue in human neutrophils, stimulating aggregation,
mobilization of Ca®*, degranulation, and the generation of active oxygen species
within seconds of its addition (Serhan er 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 e Department of Phys-
iological Chemistry, Karolinska Institutet, S-104 01 Stockholm, Sweden. Present address of 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 ¢, superoxide dismutase, and N-z~-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-
DL-hydroxy- and 2-L-hydroxyheptanoates and of dimethyl-2-pDL-hydroxy and 2-L-
hydroxyadipates, were prepared as previously described (Borgeat ez al., 1976; 1979;
Hamberg, 1971). The HPLC equipment was from Waters Associated (Milford,
MA) (pump 6000A, 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 10° cells/ml.

Leukocytes (100-500 ml of 100 X 10° cells/ml) were warmed to 37°C in a
water bath with slow continuous stirring for 5 min. Then, either 15-HPETE (100
pM) or 15-HPETE (100 pM) plus A,3,5; (5 pM) 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 ef 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-'*C]-11,12,15-trihydroxy-5,8, 13-eicosatetraenoate and methyl-
[1-'%C]-11,14,15-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 11 was used for localization of labeled material on TLC plates. The
zones containing methyl esters exhibiting tetraene UV spectra (i.e., Anax 301, see
Section 3) but not methyl-[1-'*C]-11,14,15-trihydroxy-5,8,12-eicosatrienoate or
methyl-[1-'C]-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 N,, and injected into a reverse-
phase HPLC column. The column (length 50 X 10mm; C,g) 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 ez al., 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 al., 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., 11,12,15-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-'*C])-11,12,15-THETE and [1-'*C]-11,14,15-THETE were mixed with
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FIGURE 1. Ultraviolet spectrum of material eluted with
ethyl acetate during silicic acid chromatography. Solvent:
methanol.

FIGURE 2. Thin-layer chromatographic separation of methyl esters of [1-'“C]THETE and
compounds | and Il. Material eluted with ethyl acetate was mixed with approximately 25 nCi
of [1-'*C];-11,12,15-trihydroxy-5,8,13-eicosatrienoic acid and [1-'*C]-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 | and Il 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 al., 1984a). The tetracne compounds were in the region labeled
B (Fig. 2). Simultaneous addition of the divalent cation ionophore Aj;yg7 (5 pM)
and 15-HPETE led to a 100-fold increase in tetraene-containing compounds. Thus,
following TLC, 1.02 + 0.23 pg of tetraene-containing material/l X 10® human
leukocytes could be obtained (n = 13) (Serhan et al., 1984b).

3.1. Isolation of Compounds | and Il

Following TLC, the material migrating in region B (Fig. 2) was eluted from
the silica gel with methanol, concentrated, and injected onto a RP-HPL.C (MeOH : H,O
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.

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 | in meth-
anol. Inset B: Ultraviolet spectrum of compound II in methanol.
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3.2. Structures of Compounds | and Il

The ultraviolet spectrum of compound 1 showed a triplet of absorption bands
at 287, 301, and 316 nm (in MeOH). Compound II also showed A, at 287, 301,
and 316 nm (see inset). These findings suggested that each of the compounds
contained a conjugated tetracne structure.

Samples of compound I were converted into the MeSi derivative and analyzed
by GC/MS. The material eluted as a relatively broad peak on a 1% OV-1 column
with an equivalent chain length corresponding to C,, to C,4, (Serhan er al.,
1984b). Its mass spectrum showed prominent ions at m/e 173 (base peak; Me; SiO*
=CH-(CH,),-CH;) and m/e 203 (Me;SiO *==CH-(CH,);-COOCHj;) with weaker
ions at m/e 582 (M), 492 (M — 90, loss of Me;SiOH), 482 (M — 100; rearrange-
ment followed by loss of O =HC-(CH,),-CH;), 409 (M — 173), 379 (M — 203),
319 [M — (173 + 90)], 301 [M — (101 + 2 X 90); loss of CH,-(CH,),-COOCH;,
plus 2 Me;SiOH], 275 [Me;SiO*=CH-CH(OSiMe;)-(CH,),-CHs], 229 [M -
(173 + 2 X 90)], and 171 (203 -~ 32) (Fig. 4). The mass spectrum of the Me;Si
derivative of hydrogenated compound I (C,s 3) showed ions of high intensity at m/e
575 (M — 15),490 [M — 100; rearrangement followed by loss of O =HC-(CH,),-
CH,)], 417 (M — 173), 399 [M — (101 + 90)], 297 [M — (203 + 90)], 203
(base peak; Me;SiO*=CH-(CH,);-COOCHj3), and 173 [Me;SiO *=CH-(CH,),-
CH,] (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-1) of the ozonolysis product showed the presence of the
(—)menthoxycarbonyl derivative of methyl hydrogen 2-L-hydroxyadipate as well

FIGURE 4. Mass spectrum of the Me;Si derivative of the methyl ester of compound I.
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FIGURE 5. Mass spectrum of the Me;Si derivative of the methyl ester of hydrogenated com-
pound 1.

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 A°. On the basis
of these findings, the parent acid of the major component present at peak I (Fig.
3) was assigned the structure 5-D-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 MesSi
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 m/e
379 {M — 203; loss of CH(OSiMe;)-(CH,);-COOCH;], 289 (379 — 90; elimi-
nation of Me;SiOH), 203 [Me;SiO *==CH-(CH,);-COOCHj;], 173 [Me;SiO "=CH-
(CH,)4-CH;], and 171 (203 — 32; elimination of CH;OH). lons of low intensity
were observed inter alia at m/e 582 (M), 492 (M — 90; elimination of Me;SiOH),
and 482 [M — 100; rearrangement followed by elimination of O=HC-(CH;),-CH3]
(Fig. 6).

The product formed on catalytic hydrogenation of compound II was also
examined (Fig. 6). The major peak of the gas chromatogram (Css3) was the satur-
ated derivative of compound II (Me;Si derivative). Ions of high intensity were ob-
served at m/e 575 (M — 15; loss of ‘CHj), 519 (M — 71; loss of -(CH,)4-CH;s],
=490 [M-100; rearrangement followed by loss of OHC-(CH),-CHs], 297
[M — (203 + 90); loss of -CH(OSiMe;)-(CH,);-COOCH; plus Me;SiOH], 276
[M — 314; rearrangement followed by loss of O=HC-(CH,)s-CH (OSiMe;)-
(CH,),-CHs], 203 (base peak; Me;SiO "=CH-(CH,);-COOCH;), and 173
[Me;SiO *==CH-(CH,),-CH;]. A minor peak (C;3 4) also appeared in the gas chro-
matogram of hydrogenated compound II. The mass spectrum showed prominent



10 CHARLES N. SERHAN et al.

FIGURE 6. Mass spectrum of the Me3Si derivative of compound Ii.

ions at mle 487 (M — 15; loss of -CH,), 471 (M — 31; loss of ‘OCHj3), 299
[M — 203; loss of ‘CH-(0OSiMe;)-(CH,);-COOCH;], 276 [M — 226; rearrange-
ment followed by loss of O=HC-(CH,),5-CH3], and 203 [base peak; Me;SiO *=CH-
(CH,);-COOCH3;]. Material present in the minor peak was assigned the structure
methyl-5,6-dehydroxyeicosanoate (Me;Si 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 m/e 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-Me;Si derivative of compound II
(Cys.3). Mass spectrum showed a prominent ion at m/e 173 [Me;SiO *=CH-(CH,),-
CH;], demonstrating that the nonvicinal hydroxyl group was located at C-15 (Fig.
7). Ions were also observed at m/e 504 (M), 489 (M — 15), 414 (M — 90), 404
(M — 100), and 199 {possibly [CH=CH-CH(OSiMe;)-(CH,),-CHs] *}.

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 ez 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 A'*. The latter
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FIGURE 7. Mass spectrum o the n-butylboronate-Me;Si 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 A7, A®, A'', and A'>. On the basis of
these results, the parent acid of compound II was assigned the structure 5,6,15-L-
trihydroxy-7,9,11,13-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-7,9,11,13-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 lipoxin A. Results of these experiments with cytochalasin-B-treated
neutrophils are shown in Fig. 8.

As depicted in Fig. 8A, lipoxin A (5 X 1077 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, O,



12 CHARLES N. SERHAN et al.

4,00100:

lysosomal elastase release
360nm P

T

5nmoles
S of reduced
Cytochrome C

02 generation

aggregation l
"

?AT L A

A Time L.SO_,I

seconds

FIGURE 8. Human neutrophil aggregation, superoxide anion generation, and elastase release.
A, Upper tracing: Representative tracing of lysosomal elastase release. Neutrephils (3 x 10°
cells/ml) were incubated with cytochalasin B (5 png/ml) 3 min before addition of BOC-Ala-ONp
(10 uM) followed by addition of compound Il (5 x 1077 M). Middle tracing: Representative
continuous recording of superoxide anion generation. Neutrophils (3 x 10° cells/ml) were in-
cubated with cytochalasin B (5 ng/ml) 3 min at 37°C. Lower tracing: Representative aggregation

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

Both f-Met-Leu-Phe (fMLP) and LTB, are potent stimulators of elastase release
in human neutrophils (cf. Serhan ez 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 LTB,. 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 10° cells/0.1 ml) were incubated with cytochalasin B (5 pug/ml) 3 min
at 37°C before addition of compound Il (5 x 10~7 M). Compound Il (6 x 1077 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 |. Superoxide Anion Generation by Human Neutrophils®

Cytochrome ¢ reduced

Agent (nmol/5 min)
fMLP (107 M) 145 = 5.5
5,6,15-Trihydroxy-7,9,11,13-eicosatetraenoic acid (5 X 107 M) 8.1 = 3.7
LTB, (5 X 107 M) 6.5 £ 3.6

2 Neutrophils (3 X 10° cells/ml) were incubated with cytochalasin B (5 pg/ml) 3 min at 37°C before addition of the
agents. Data represent 12 separate experiments = S.D.



14 CHARLES N. SERHAN et al.

generation, and elastase release by human neutrophil exposed to the free acid of
lipoxin A (5 X 107 M) (Serhan et al., 1984b).

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

4. DISCUSSION

In this chapter, we describe the structures of two new compounds isolated
from human leukocytes: 5-D,14,15,-triydroxy-6,8,10,12-eicosatetraenoic acid (li-
poxin B; LX-B, the parent acid of compound I) and 5,6,15-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 D-configuration, it
seems likely that oxygenation by a S-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

_ COOH

15-HPETE
COOH /
2 O~ " COOH
e
HO OH

Lipoxin A (LX-A) Lipoxin B (LX-B)

FIGURE 9. Scheme of formation of compounds | and Il. 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 LTB,. However, lipoxin A proved to be two orders of magnitude less potent
than LTB, in inducing degranulation (Fig. 9B). Thus, lipoxin A, unlike LTB,, 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 5-lipoxygenase and 15-lipox-
ygenase pathways in human leukocytes. Addition of 15(S)-hydroperoxy-5,8,11,13-
eicosatetraenoic acid (15-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 5,6,15-L-trihydroxy-7,9,11,13-
eicosatetraenoic acid, and the other as 5-D,14,15-trihydroxy-6,8,10,12-eicosate-
traenoic acid. When added to human neutrophils, kinetic and dose-response studies
showed that 5,6,15-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 15-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.
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Occurrence of Leukotrienes in
Rat Brain

Evidence for a Neuroendocrine Role of
Leukotriene C,

JAN AKE LINDGREN, ANNA-LENA HULTING,
TOMAS HOKFELT, SVEN-ERIK DAHLEN,
PETER ENEROTH, SIGBRITT WERNER,
CARLO PATRONO, and BENGT SAMUELSSON

1. INTRODUCTION

Leukotrienes (LT) 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 (LTA,) (Borgeat et
al., 1976; Borgeat and Samuelsson, 1979a). This intermediate can be enzymatically
hydrolyzed to LTB, (Borgeat and Samuelsson, 1979b; Corey et al., 1981). Alter-
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natively, LTA, is converted, by addition of glutathione at C-6, into LTC, (Murphy
et al., 1979; Morris et al., 1980). Stepwise enzymatic elimination of glutamic acid
and glycine in the peptide side chain leads to formation of LTD, and LTE,, re-
spectively (Oming and Hammarstrom, 1980; Bernstrom and Hammarstrém, 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
LTC,, LTD,, and LTE, (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 LTC,, LTD,, and LTE, from incubations
of rat brain in vitro (Lindgren et al., 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 C,
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 LTC, antiplasma were observed. Furthermore, LTC, 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 LTC, (Lindgren ez 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 LTC, was a
kind gift from Dr. J. Pike, the Upjohn Company; LTB, was biosynthetically pre-
pared as described previously (Lindgren et al., 1981).
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3. RESULTS

3.1. Isolation of Leukotrienes from Rat Brain

Incubation of sliced rat brains with arachidonic acid (75 wM) and ionophore
A23187 (5 uM) led to leukotriene formation. 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 LTC,, LTD,, and LTE,, respectively. Peak I
also coeluted with [*PH]LTC, 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 LTD, (peak
II) or LTE, (peak II) was dissolved in 100 pl of ethanol/water (1 : 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
I and III contained approximately 60 and 5 pmol of LTC,-like activity, respectively
(Fig. 2). The ileum assay indicated that peak II contained 60—70 pmol of LTD,.
Finally, on the ileum the material in peak Il was considerably less active than

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 I} and Ill. Upper two tracings show typical
contractions evoked by the samples and standards of LTD, or LTE, on the guinea pig lung
strip. The quantitation on the lung strip is preserted in the upper right hand corner diagram.
Abscissa: Volumes of samples tested (both peaks were dissolved in a total volume of 100 ul).
Left ordinate: Contractions (expressed as percentage of the maximal responses in each prep-
aration) evoked by samples of peak Il (0) and il (O), respectively. Filled symbols show responses
in indomethacin (10 uM)-pretreated preparations. Right ordinate: Contraction responses evoked
by standards of LTD, or LTE4. The amount of LTD,- or LTE,-like activity in peak Il or Il 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 IlI
contained LTE,, because this leukotriene is less potent than LTD, in the ileumn but
not in the lung strip (Fig. 2) (Dahlén, 1983; Bjorck et al., 1984). Therefore, when
considered together, it is reasonable to conclude that peaks II and III contained 60
and 5 pmol of LTD, and LTE,, respectively.

After rechromatography of peak I on RP-HPLC, the fractions were analyzed
for LTC, 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 | (Fig. 1). The dotted line represents the LTC, content in each fraction as
judged by radioimmunoassay. The amounts of [*H]LTC, added in aliquots of the diluted HPLC
fractions never exceeded 5% of [*HJLTC, used in the assay procedure. B: Contractions evoked
by samples of peak | on the guinea pig lung strip (GPLS) and ileum (GPIL), respectively. S,
solvent control [EtOH-H,0, 1 : 1 (v/v)]. Concentration of FPL 55712, 1 uM.

fractions also contained immunologically active material binding to the antibody.
The total amount of LTC, remaining after rechromatography was around 90 pmol
as judged by radioimmunoassay. The fractions containing LTC, 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 LTC,. The total amount of LTC,-like activity
in peak I as estimated by final quantitation on the lung strip (not shown) was very
close (around 100 pmol) to the amount determined by radioimmunoassay.

The recovery of LTC, during the purification procedure was estimated by the
use of radiolabeled compound (Lindgren ez a/., 1984). Assuming equal recovery
of leukotrienes C,, Dy, and E,, the average production under the present conditions
was accordingly calculated to be 25, 8, and 0.7 pmol/g brain tissue (ww) of LTC,,
LTD,, and LTE,, respectively.

3.2. Regional Distribution of LTC, Production

Slices from various regions of the rat brain were incubated with ionophore
A23187 (5 wM) and arachidonic acid (75 wM), and the LTC, formation was
measured by radioimmunoassay (Fig. 4). Synthesis of LTC, was observed in all
regions tested. Highest levels of LTC, were produced by hypothalamus (2.9 + 1.32
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FIGURE 4. Regional distribution of LTC, 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 uM) and arachidonic
acid (75 wM). Each LTC, value is the mean = S.D. of duplicate determinations on samples from
three different animals (n = 3). Statistical analyses were performed using Student’s t-test: n.s.,
not significant; *P < 0.05; **P < 0.01; ***P < 0.001 (differences in LTC,4 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; Thal. ant., anterior thalamus; Thal. post., posterior thal-
amus; Hypothal., hypothalamus; Em. Med., median eminence; S. Nigra, substantia nigra; P.A.G.,
periaqueductal gray matter; Cereb., cerebellum; Med. Obl., 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 LTC, in Rat Brain

Two patterns of immunoreactivity were observed after incubation of sections
with LTC, antiplasma. In the lateral part of the external layer of the median em-
inence, a medium-dense plexus of LTC, 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 preabsorption of the LTC, antiplasma with LTC,~BSA
conjugate (Fig. 5B) or glutathione disulfide (8 X 10~ M) but not with LTC, 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 LTC, anti-
plasma (A,C,D) or LTC, antiplasma preabsorbed with LTC,—BSA 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 LTC, or glutathione disulfide (up to 8 x 10~
M), but a detectable decrease was seen when antiplasma preabsorbed with LTC,-BSA
conjugate was used. Absorption with BSA had no effect on the LTC,-like immu-
noreactivity.

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

Leukotriene C,4 at concentrations of 107'* to 10™® M significantly stimulated
basal luteinizing hormone (LH) release from dispersed rat anterior pituitary cells
after 0.5 hr in culture (Fig. 6). At 107'* M, LTC, caused a 90% increase of LH
levels. Maximal effects were seen at concentrations of 107!3 to 10712 M (123-129%
stimulation). After 3 hr, the stimulatory effect of LTC, on LH release could no



24 JAN AKE LINDGREN et al.

Akk Kok k

200 +

*k

ok

LH release ( % of control )

NS a -

)
0 % T T T T T T T T
0o 1017 10-15 10-13 10-11 109 10-7

Leukotriene (M)

FIGURE 6. Effects of leukotrienes B, (=——m) and C, (&——) 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: LTB, at concentra-
tions of 1077 to 10" M had no significant effect on basal LH release (Fig. 1).
Luteinizing hormone-releasing hormone (10~° or 10-® 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 LTC, or LHRH?

Incubation time

0.5 hr 3 hr
Control 97 = 11 238 + 12
LTC,, 107*M 183 = 2]1** 259 + 18
LHRH, 10° 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 #-test).
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4. DISCUSSION

The present report demonstrates the isolation of LTC,, LTD,, and LTE, from
rat brain incubations. The capacity to produce LTC, was widely distributed in the
central nervous system as indicated by radioimmunologic determinations. However,
the detected amounts of LTC, 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 LTC, may also contribute.

Evidence for the presence of LTC, 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 LTC,—BSA conjugate but not by LTC, alone. Control experiments
revealed that this lack of effect by LTC, 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 LTC, and
only to a certain degree by the LTC,—BSA 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 L.TC,~BSA conjugate).

The highest amounts of LTC, were detected in the hypothalamus and median
eminence. Therefore, it is of great interest that low concentrations of LTC, (10~
M) specifically evoked release of LH from dispersed anterior pituitary cells. Leu-
kotriene C, stimulated LH secretion through a mechanism with rapid onset and
short duration. This fast action of LTC, 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=° M), but at 10~ M, the increase of LH levels was only about 70%,
i.e., less than the effect observed at 0.5 hr with LTC, at a concentration of 10~'*
M. These findings suggest that LTC, is a potent stimulator of LH release. The
results indicate that LTC, and LHRH stimulate LH release at least partly through
different mechanisms. An interesting hypothesis is that LTC, and LHRH cooperate
in the control of LH release in that LTC, may be preferentially responsible for
initial release and LHRH for a more long-lasting effect. In this context, it is of
interest that the LTC,-immunoreactive nerve endings in the lateral part of the
external layer of the median eminence were identical to those containing LHRH
(Hulting et al., 1985).

The observation that LTC, was formed in the cerebellum may have functional
implications because LTC, and LTD, cause a conspicuously prolonged excitation
of cerebellar Purkinje cells (Palmer et al., 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

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 PGH, from arach-
idonic acid, is then considered in more detail.

RICHARD J. KULMACZ e Department of Biological Chemistry, University of Illinois at Chicago,
Chicago, Illinois 60612.
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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 PGH,: into thromboxane A, 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 PGH, is converted to
HHT and TXA, at roughly the same rate, PGH; and A*-PGH, are converted almost
exclusively to hydroxyheptadecadienoic acid (HHD) and A*-HHD (Hammarstrom,
1982).

5. PROSTAGLANDIN | SYNTHASE

Two alternative catalytic fates of PGH, are also a characteristic of PGI synthase.
Like TXA synthase, PGI synthase will catalyze the synthesis of MDA and HHT
as well as its “primary” product, PGI, (Watanabe et al., 1979). Prostaglandin H,,
lacking unsaturation at C-5, is converted exclusively to HHD. Prostaglandin syn-
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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 PGH, as their substrate. I should
like to turn attention now to the enzyme responsible for the synthesis of PGH, 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 al., 1979; Roth et al., 1980)
and catalyzes both the bis-dioxygenation of arachidonic acid to PGG, and the
peroxidative reduction of PGG, to PGH,.

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 (K,) and that needed for efficient peroxidase activity
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(K.). When the relative sensitivities of the cyclooxygenase 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 cyclooxygenase activity (Kulmacz and Lands, 1983). Further
analysis of this result allowed calculation of a K, value of 20 nM for the cyclo-
oxygenase and a K, value of 3 wM for the peroxidase. This large difference in peroxide
requirements means that the cyclooxygenase 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 K; value of 0.3
mM NaCN and probably resulted from liganding of synthase heme by cyanide,
because the K, value of the synthase—cyanide complex was determined to be 0.2
mM (Kulmacz and Lands, 1985).

Cyanide also has distinct effects on the cyclooxygenase 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 cyclooxygenase 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 cyclooxygenase 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 cyclooxygenase reaction kinetics induced by cyanide appear to be
related to an impairment of the activation of the cyclooxygenase 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 cyclooxygenase 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 cyclooxygenase activity
of PGH synthase can also be related to the activation of the cyclooxygenase 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 cyclooxygenase is lost. Thus, the stimulatory effect of phenolic agents may
occur by some facilitation of the activation process.

The reaction kinetics of the cyclooxygenase 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 (@) or synthase previously incubated with excess indomethacin (4) was injected into
a reaction mixture containing 0.1 M potassium phosphate (pH 7.2), 1mM phenoi, 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

Glutathione
Synthesis peroxidase®
(mmol PGG,/min per g) (mmol ROOH/min per g)  Synthesis/removal

Resident peritoneal cells 0.05 0.7 0.07
Lung 0.09* 4.7 0.02
Spleen 0.07* 7.9 0.009
Kidney 0.02¢ 9.2 0.003
Heart 0.02¢ 8.1 0.002
Liver 0.03* 33.0 0.001

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

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
cyclooxygenase system to assay the concentration of hydroperoxides in human
plasma. The average for five separate samples was 0.53 = 0.21 uM. The fact that
this concentration is considerably higher than that needed to activate the purified
cyclooxygenase 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, Biochim. Biophys. Acta
572:43-51.

DeWitt, D. L., and Smith, W. L., 1983, Purification of prostacyclin synthase from bovine aorta by
immunoaffinity chromatography, J. Biol. Chem. 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.

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



PROSTAGLANDIN-BIOSYNTHESIZING ENZYMES 33

Hanel, A. M., and Lands, W. E. M., 1982, Modification of anti-inflamraatory 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 cyclooxygenase that forms
prostaglandins, J. Biol. Chem. 251:5575-5579.

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

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

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

Kulmacz, R. J., and Lands, W. E. M., 1985, Quantitative similarities in the several actions of cyanide
on prostaglandin H synthase, Prostaglandins 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. J., Kulmacz, R. J., and Lands, W. E. M., 1984, Hydroperoxides, free radicals and
prostaglandin biosynthesis, in: Oxvgen Radicals in Chemistry and Biology (W. Bors, M. Saran,
and D. Tait, eds.), Walter de Gruyter, Berlin, pp. 299-304.

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

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

Pace-Asciak, C. R., and Rangaraj, G., 1977, Distribution of prostaglandin biosynthetic pathways in
several rat tissues. Formation of 6-ketoprostaglandin F\,, Biochim. 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. J., Siok, C. J., and Ozols, J., 1980. Structural characteristics of prostaglandin synthetase
from sheep vesicular gland, J. Biol. Chem. 255:1301-1304.

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

Ullrich, V., Castle, L., and Weber, P., 1981, Spectral evidence for the cytochrome P450 nature of
prostacyclin 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. 11 (B. Samuelsson,
R. Paoletti, and P. Ramwell, eds.), Raven Press, New York, pp. 105-110.

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.

van der Ouderaa, F. J., Buytenhek, M., Slikkerveer, F. J., 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, O., 1979, Reactions of prostaglandin endoperoxides with
prostaglandin [ synthetase solubilized from rabbit aorta microsomes, Biochem. Biophys. Res. Com-
mun. 87:192-199.

Yoshimoto, T., Yamamoto, S., Okuma, M., and Hayaishi, O., 1977, Solubilization and resolution of
thromboxane synthesizing system from microsomes of bovine blood platelets, J. Biol. Chem.
252:5871-5874.



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

WILLIAM L. SMITH and ARLYN GARCIA-PEREZ

1. INTRODUCTION

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

WILLIAM L. SMITH and ARLYN GARCIA-PEREZ e Department of Biochemistry, Michigan State
University, East Lansing, Michigan 48824.
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to the desensitization of adenylate 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 al.,
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 PGE, (ca. 107 M) inhibits the hydroosmotic effect of
ADH on rabbit cortical collecting tubules in vitro. That is, treatment of isolated
perfused collecting tubules with PGE, 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 PGE, does not
prevent the hydroosmotic effect of cAMP itself, suggesting that PGE, inhibits ADH-
induced cAMP formation. Paradoxically, Grantham and Orloff found that high
concentrations of prostaglandins (ca. =107 M), when used alone, actually cause
a hydroosmotic effect in rabbit collecting tubules.

Inhibition of the hydroosmotic response to ADH by PGE, 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 al., 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 play a physiological role in modulating the
response of collecting tubule cells to ADH.



MECHANISM OF PROSTAGLANDIN ACTION 37

ccr

CORTEX

MEDULLA

MCT

PAPILLA

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; DCT, distal convoluted tubule; CCT, cortical
collecting tubule; MCT, medullary collecting tubule; PCT, papillary collecting tubule; IC, interstitial
cells. (From Smith et al., 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-1) that secretes
a rat IgG,, 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 ccr-1, 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 mV (lumen side negative) and are essentially
impermeable to either inulin or PGE, (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 PGE,. 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 107® M AVP added to either the apical
or basolateral surface of the monolayer. As mentioned earlier, the results indicate
that AVP works only from the basolateral surface to cause cAMP release.

As shown in Fig. 5, PGE,, 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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* is the side of release of CAMP. A,
apical; BL, basolateral. The bars
indicate the release in response to
sk | no effector or to 106 M DDAVP
added to either the apical (A) or
basolateral (BL) side of the mon-
r 1 olayer. The data represent the
mean of six chambers. All treat-
a4l 4 ments were at 37° for 60 min in the
presence of 104 M IBMX. Extra-
cellular cAMP was measured by
radioimmunoassay. *Significantly
different from control values (i.e.,

EXTRACELLULAR cAMP (pmoles/60 min)

/ absence of DDAVP) (P < 0.05).
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increases in cAMP release occurred with 5 X 10® M PGE,. We would like to
emphasize that at concentrations of <107'° M, PGE, had no detectable effect on
cAMP release in this CCCT cell system.

Figure 6 illustrates what happens if we add both AVP and 107'° M PGE, to
the CCCT cell monolayer. Vasopressin, in this case at a concentration of 107 M,
when added to the basolateral surface of the monolayer causes its usual two- to
threefold increase in cAMP release. Although 107'° M PGE, has no independent
effect on cAMP release, 107! M PGE, completely inhibits AVP-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 PGE, was added to both sides of the CCCT
cell monolayer in this experiment, PGE, will actually operate from either side of
the monolayer to inhibit AVP-induced cAMP formation.

Several prostaglandins other than PGE, will cause inhibition of AVP-induced
cAMP formation by CCCT cells. Among these is PGF,, * PGF,, at concentrations
of 107> M or greater causes inhibition of AVP-induced cAMP formation. This
turns out to be a very important observation. Although PGF,, is as effective as
PGE; in inhibiting AVP-induced cAMP formation, PGF,,, unlike PGE,, does not
activate adenylate cyclase even at high concentrations. We also mention that we
have found in preliminary experiments that PGD, will activate the CCCT cell
adenylate cyclase but that PGD, does not appear to inhibit AVP-induced cAMP
formation.

Thus, an inhibitory response can be produced by comparable concentrations
of PGE, or PGF,, but not PGD,, whereas PGE, and PGD, but not PGF,, will
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FIGURE 5. Sidedness of PGE; 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 monolayers following treatment with no effector or with 10° M PGE;
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~ M IBMX. Extracellular
cAMP was measured by radicimmunoassay. *Significantly different from control values (i.e.,
absence of PGE;) (P < 0.05). (From Garcia-Perez and Smith, 1984.)

BL

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 adenylate cyclase,
and another (type 1) is coupled to the desensitization of these cells to the cAMP-
elevating effect of AVP.

In the inhibition experiment depicted in Fig. 6, the cells were actually prein-
cubated with PGE, for 60 min prior to the addition of AVP. This preincubation is
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FIGURE 6. Inhibition by PGE, of DDAVP-induced cAMP release from CCCT cell monolayers
on Millipore® filters. Each bar represents the amount of cCAMP measured on the apical (A) or
basolateral (BL) side of the CCCT cell monolayer following treatment with (a) 107 M DDAVP
added to the basolateral side, (b) 102 M DDAVP (added to the basolateral side) plus 10-'° M
PGE: (added to both sides), or (c) no effector. All samples were preincubated for 60 min at 37°;
PGE: was added for the duration of the preincubation period to samples that were to be treated
with PGE.. 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 37° 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~'' M PGE; before the inhibitory effect
of PGE, on AVP-induced cAMP formation is expressed. In contrast, 10-® M PGE,
acts within 2 min to increase cCAMP levels in CCCT cells.

Figure 7 summarizes our current concepts of prostaglandin—~ADH interactions
in CCCT cells. Vasopressin induces PGE, formation. Newly formed prostaglandins
are released on both sides of the cell monolayer. Prostaglandin E, 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 al., 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 al., 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 PGE; is inhibition of AVP-
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

7
Z PGE,
| min &‘
Hp0
REngPTION ‘_CAMP‘_—
)
<—ADH

10 min
~——PGE2
-PGF,,
PGE, 2 C—aoH
FIGURE 7. Two-receptor model for the ac- \
tion of PGE 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 PGE, 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 PGE,
concentrations.

Desensitization systems are not restricted to prostaglandin-forming cells. For
example, PGE, 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
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1. INTRODUCTION

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 Cy, 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 PGG, and PGH,. 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 al., 1976; van der Ouderaa et al., 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 er al., 1980). The purified
enzymes were found to have two activities that copurified, suggesting that both
activities resided within one protein unit (Miyamoto ez al., 1976). The first activity
was a cyclooxygenase, which formed the cyclopentane intermediate PGG,. 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-11 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 al., 1976, Hemler et al., 1976;
van der Ouderaa er al., 1977).

The second catalytic activity of PES was a hydroperoxidase. In this step, the
hydroperoxy at C-15 of PGG, was reduced to a hydroxy, forming the cycloendo-
peroxide PGH,. Heme iron was required for this activity. Radical scavengers such
as hydroquinone and phenol were found to augment hydroperoxidase activity (Mi-
yamoto et al., 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 al., 1976). [*H]Acetylaspirin
treatment of PES resulted in covalent binding of the [*H]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 [*H]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 [*H]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 er al., 1980). [*H]Acetylated PES from RSV digested
with pepsin have permitted the isolation of fragments containing the [*H]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 er al., 1983).

Spin-resonance studies showed that a radical was formed by PES during ar-
achidonic acid metabolism (Egan er al., 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 ez al., 1976). In fact, in
the presence of heme alone, radical formation (Egan et al., 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 uM hematin and 1 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 PGE, (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 scheime 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 Na,EDTA 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 EDTA as well as supplementing all buffers
during the solubilization steps with 25 wM heme and 1 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 H,O, (van der Ouderaa et al., 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 1 M Tris-HCI.
Both peaks possessed cyclooxygenase activity as determined by O, 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%
B-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 PGH, or

FIGURE 1. Fractionation of Lu-65 PES on DE52. Lu-65 PES was applied to a DE52 column
(8 cm x 25 cm) in 50 mM Tris-HCI, 25 M hematin, 1 mM phenol, pH 8.0, containing 0.1 mM
Na.EDTA, 0.1% Tween-20, and 0.01% NaN; 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-HC! 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 1 material was incubated with [*H]arachidonic
acid in the presence of 50 nM heme and 5.8 wM hydroquinone. The supernatants
were extracted using C,g Sep-paks® (Powell, 1980), and those products eluting in
the prostaglandin fraction were further separated by reverse-phase HPLC (Terragno
et al., 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 PGD, and PGE; standards. Formation of these two prostaglandins
would be in keeping with nonenzymatic breakdown of the primary PES product,
PGH,.

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
al., 1980) and is similar to PES from RSV.

Roth and Majerus (1975) fractionated their [*H]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 al., 1980).
The isolated Lu-65 enzyme from the initial purification procedure (AcA-34 column
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FIGURE 2. Elution of [*H]arachidonic acid metabolites by HPLC. A: [*H]Arachidonic acid me-
tabolites formed in the presence of 38.5 units of peroxidase activity ( 1 unit = the consumption
of 1 x 107® mol H,O/min) and cofactors (100 nM hematin, 5.7 uM hydroquinone), followed by
extraction of prostaglandin products by C,s Sep-Paks (Powell, 1980) and isocratic fractionation
using reverse-phase HPLC (Terragno et al., 1981). Authentic PGE, and PGD, standards elute
between 9 and 11 min. B: Incubation of [®*H]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 [**C]mixed amino acids
(Amersham), solubilized the labeled enzyme using the procedure outlined for pu-
rification, and immunoprecipitated the ['*C]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 [*H]acetylaspirin to determine whether the 45,000-dalton,
the 68,000-dalton, or both bands are the human PES. We are also exploring the

FIGURE 3. Fractionation of ['#I]Lu-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 45,000-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 K, 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 pM hydroquinone, we measured the K,
for RSV cyclooxygenase to be in the low micromolar concentration. van der
Ouderaa (1982) reported a similar value of 15 uM for the RSV cycloox ygenase.
In contrast, the calculated K,,, for Lu-65 cyclooxygenase fell in the millimolar range.

As this is clearly not a physiological K,,,, two possibilities are being explored.
The first possibility to explain the large K,, is that an effector molecule is present
in the cell that causes lowering of the Lu-65 PES K,,. To test this hypothesis, we
measured the K, for cyclooxygenase activity in a crude membrane fraction from
the cell homogenate. The K, under these conditions still fell in the millimolar range;
therefore, we could not detect a lower K,, for the PES in a crude microsomal
membrane preparation. We are currently testing the crude homogenate. The second
possibility to explain this large K, 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



54 NOREEN J. HICKOK et al.

same absorption spectrum as RSV PES, and could be shown to metabolize
[*H}arachidonic acid to appropriate [*H]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 K, 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 K,, 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.
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Coronary Arterial Prostacyclin
Synthetase and Prostaglandin E,
Isomerase Activities

DENNIS B. McNAMARA, MORRIS D. KERSTEIN,
ALICE Z. LANDRY, JOHN L. HUSSEY,

HOWARD L. LIPPTON, ROBERT S. ROSENSON,
ALBERT L. HYMAN, and PHILIP J. KADOWITZ

1. INTRODUCTION

Prostaglandin E, (PGE,) isomerase and prostacyclin (PGI,) synthetase are the major
endoperoxide (PGH;)-metabolizing enzymes present in microsomes isolated from
vascular tissue. The PGE, isomerase activity specifically requires the addition of
GSH (Ogino er al., 1977). Prostacyclin has potent vasodilator and platelet antiag-
gregatory activity (Vane, 1983). Therefore, modulation of PGI, 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 — PGH,)
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from self-catalyzed deactivation (Egan et al., 1976). However, little evidence exists
for the effects of these agents on augmenting prostacyclin synthetase activity
(McNamara et al., 1984). We report the concentration-dependent modulation of
the formation of 6-keto-PGF,,, the stable breakdown product of PGI,, by GSH and
dithiothreitol (DTT) and unmasking of PGE, 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 al. (1951).

2.2. Assay of Microsomal Metabolites of PGH,

The incubation mixture contained coronary arterial microsomes in 100 pl 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 0°C tube
containing PGH, (previously blown dry under a N, stream), vortexed, and incubated
at 37°C for 2 min. The reaction was stopped, and the products were extracted by
adding 400 pl 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-'*C]PGH, preparation from [I-
14Clarachidonic acid (50-60 mCi/mmol, Amersham) and all other procedures were
as previously described in detail (Kerstein et al., 1983; She et al., 1981).
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TABLE |. Effect of Microsomal Protein Concentration in Bovine Coronary Arterial
Prostacyclin Synthetase Activity

Prostacyclin synthetase

2.5 uM PGH, 10 uM PGH,
Protein
(ng) —GSH + GSH* - GSH +GSH*
10 8 + 1° 8§ +3 307 235
25 10 = 4 20+ 10 38+6 102 = 36
50 27 =17 88 + 15 141 = 30 224 + 39
100 96 = 133 £ 9 289 + 31 380 = 71
200 138 = 16 148 = 15 352 = 92 608 + 40

¢GSH = 2 mM; incubation volume = 0.1 ml.
® 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 1 show that the formation of 6-keto-PGF,,, the stable
hydrolytic product of prostacyclin, is dependent on the concentration of microsomal
protein and the concentration of PGH,; in addition, these data indicate that 6-keto-

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

Synthetase Activity?
Prostacyclin synthetase®
GSH PGH, PGH,
(mM) 2.5 pM* 10 pM**
— 47 = 8 129 + 12
0.1 58 + 3 127 = 16
0.5 56 + 4 191 = 30
1 65 = 8 167 = 19
1.25 — 268 = 65
1.5 80 = 9 —
1.75 — 215 = 41
2 97 = 10 315 = 37
5 103 = 300 = 51

“ Microsomal protein = 50 wg; incubation volume = 0.1
ml.

Data are picomoles of 6-keto-PGF,,/2 min per 50 pg
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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PGF,, formation 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 B, (TxB,), the stable hydrolytic product of TxA,, formation was not
observed, indicating the absence of detectable thromboxane synthetase activity.
Tranylcypromine, an inhibitor of prostacyclin synthetase (She er al., 1981), inhib-
ited the formation of 6-keto-PGF,, 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
formation of 6-keto-PGF,, occurred over a narrow GSH concentration range and
was observed at two concentrations of PGH,. The activity of prostacyclin 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 E, Isomerase Activity

The data in Table V show an increase in the formation of PGE, by bovine
coronary arterial microsomes in response to increasing concentrations of GSH at
two concentrations of PGH,. The formation of PGE, in the presence of GSH (at

Table Ill. Effect of DTT Concentration on
Bovine Coronary Arterial Prostacyclin

Synthetase Activity®
Prostacyclin synthetase®
DTT PGH; PGH,
(mM) 2.5 uM* 10 pM**
— 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 protein = 50 pg; incubation volume = 0.1
ml; DTT = dithiothreitol.

® Data are picomoles of 6-keto-PGF4/2 min per 50 pg pro-
tein expressed as mean * S.E.M. of duplicate incubations
of separate microsomal fractions isolated from 4* or 3**
hearts.
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TABLE IV. Microsomal Prostacyclin Synthetase Activity from
Coronary Arteries of Sheep, Dog, and Human

Prostacyclin synthetase”

PGH, PGH,
Animal Additions 2.5 uM 10 uM

Sheep (3) No additions 24 =1 100 = 2

2 mM GSH 76 = 3 158 = 1
Dog (1) No additions 304 54 = 1

2 mM GSH 88 + 8 114 = 23
Human (1) No additions 23 —

2 mM GSH 70 = 7 —

¢ Incubation volume = 0.1 ml. Data are picomoles of 6-keto-PGF,,/2 min per 50 pg
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.

10 uM PGH,) showed an initial increase that fell at higher GSH concentrations
(Table V). The formation of PGE, was greater in the presence of GSH (at 10 pM
PGH,) for sheep and dog, also suggesting the presence of an active PGE, isomerase
(Table VI). However, in the presence of DTT with no GSH in the incubation
medium, the formation of PGE, decreased in a manner inversely related to the DTT
concentration (Table VII).

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

PGE, isomerase®

GSH PGH, PGH,
(mM) 2.5 uM* 10 pM**
— 56 = 7 246 + 9
0.1 55+ 2 254 = 24
0.5 73 %5 329 + 34
1 74 + 6 315 = 11
1.25 — 308 = 45

1.5 62 = 3 —

175 — 354 + 68
2 61 £ 6 234 + 15
5 47+ 3 237 = 19

¢ Microsomal protein = 50 pg; incubation volume = 0.1
m. Data are picomoles of PGE,/2 min per 50 pg protein
expressed as mean * S.E.M. of duplicate incubations
of separate microsomal fractions isolated from 4* or 3**
hearts.



62 DENNIS B. McNAMARA et al.

TABLE VI. Microsomal PGE; Isomerase Activities from
Coronary Arteries of Sheep, Dog, and Human

PGE, isomerase?

PGH, PGH,
Animal Additions 2.5 uM 10 uM
Sheep (3) No additions 85 + 1 343 £ 2
2 mM GSH 66 3 414 = 3
Dog (1) No additions 56 = 10 282 + 34
2 mM GSH 84 = 408 * 40
Human (1) No additions 72 —_
2 mM GSH 64 =1 —

¢ Incubation volume = 0.1 ml. Data are picomoles of PGE,/2 min per 50 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.

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 DTT. As the modulation of 6-keto-PGF,, formation occurs over a narrow

TABLE VII. Effect of DTT Concentration
on Activities of Bovine Coronary Arterial
PGE; Isomerase

PGE, isomerase®

DTT PGH, PGH,
(mM) 2.5 uM* 10 pM**
— 58 %5 252 = 10
0.1 a1 =4 236 = 28
0.5 36 + 7 219 = 18
1 36 %9 226 + 18
1.25 27+3 166 + 37
1.5 305 —
1.75 — 192 + 23
2 46 162 * 31
5 30 = 10

9 Microsomal protein = 50 pg; incubation volume =
0.1 ml; DTT = dithiothreitol. Data are picomoles of
PGE,/2 min per 50 pg 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 er 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-PGF,, 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 ez 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 PGH,
and in the formation of other metabolites of PGH, such as PGE,, PGD,, or PGF,,.
The vascular response to such an alteration in PGH, 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, PGE,, and PGD, are vasodilators in the canine coronary vascular bed
whereas PGF,, was inactive (Hyman ez al., 1978). Unmetabolized PGH,, however,
might be expected to cause vasoconstriction. This effect could be mediated by a
conversion of the unmetabolized PGH, to thromboxane A,, 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 A,
thus generated could also aggregate platelets, especially under these conditions in
which prostacyclin synthesis was decreased, and initiate thrombogenesis. Alter-
natively, unmetabolized PGH; could directly cause vasoconstriction, as it has been
suggested that thromboxane A, and PGH, interact with a single thromboxane re-
ceptor site (Carrier er al., 1984). A stable analogue of PGH,, U46619, which is
thought to be a functional analogue of TxA,, 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
PGH, 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 E, Isomerase Activity

Prostaglandin E, isomerase is a GSH-requiring enzyme (Ogino et al., 1977).
The demonstration of the presence of an active PGE, isomerase is complicated, as
in the absence of GSH, PGH, spontaneously breaks down to PGE,. Thus, in the
presence of GSH, PGE, formation is both enzymatic and nonenzymatic, and the
nonenzymatic component cannot be distinguished from the enzymatic component.
The presence of an active PGE, isomerase is suggested by an increased PGE,
formation in the presence of GSH. However, as the PGH, concentration is meta-
bolically depleted in the presence of GSH, nonenzymatic conversion of PGH, to
PGE, becomes less significant, and it could be misleading to simply subtract the
quantity of PGE, formed in the absence of GSH from that formed in the presence
of GSH to obtain “net PGE,” formation; such a figure is, however, useful and is
employed (Gerritsen and Printz, 1981) as an index of PGE, isomerase activity.
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Demonstration of an active PGE, isomerase in the coronary arterial microsomes
is complicated by the fact that in the presence of GSH the enzymatic formation of
both PGI, and PGE, would be augmented and the nonenzymatic component of total
PGE, formation would decrease through a shunting of PGH, to PGI, formation.
This is indicated by the fall in PGE, formation seen in the presence of DTT, which
cannot serve as a cofactor for PGE, isomerase activity (Ogino et al., 1977) but can
modulate PGI, formation. Thus “net PGE,” should not be employed as an index
of PGE, isomerase activity for coronary arterial microsomes. However, as both
GSH and DTT similarly affect PGI, formation, the amount of PGE, formed in the
presence of DTT (nonenzymatic formation) is more representative of nonenzymatic
PGE, formation than is that formed in the absence of GSH. Thus, the amount of
PGE, formed in the presence of DTT (nonenzymatic), as presented on Table VII,
should be subtracted from the amount of PGE, formed in the presence of GSH
(enzymatic plus nonenzymatic), as presented in Table V. This difference more
closely approximates PGE, isomerase activity. The data obtained in this study,
when so interpreted, unmask the presence of an active PGE, 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
pg. 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 1 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 E, Isomerase

Contrary to a previous report, bovine coronary arterial microsomes contain an
active GSH-dependent PGH, — PGE, 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
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1. GLUTATHIONE TRANSFERASES CATALYZING
LEUKOTRIENE C SYNTHESIS

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 LTC,.
One of the enzymes was a considerably more efficient catalyst of the reaction than
the remaining five.

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

Incubation of rat cytosolic glutathione transferase 4—4 with tritium-labeled
LTA, methyl ester and glutathione yielded a tritium-labeled product that emerged
later than LTC, 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 LTC,
(Murphy et al., 1979). Treatment of the product with soybean lipoxygenase shifted
the Apax to 308 nm. After mild alkaline hydrolysis, the product cochromatographed
with authentic LTC, on reverse-phase HPLC. Incubation of the product with +y-
glutamyl transpeptidase followed by mild alkaline hydrolysis gave rise to LTD, as
judged by cochromatography on HPLC with the synthetic reference compound. The
results showed that the product formed from LTA, methyl ester by transferase 4—4
is the methyl ester of the naturally occurring isomer of LTC, (cf. Hammarstrém et
al., 1980). The reaction involves a nucleophilic substitution of the oxygen at C-6
in LTA, methyl ester by the thiolate anion of glutathione and proceeds with inversion
of the configuration at C-6.

Incubation of LTA, methyl ester with transferases 1-1, 1-2, 2-2, 3-3, or 34
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 LTC, on HPLC.

1.2. Kinetics of the Reaction with LTA, Methyi Ester Catalyzed by
Cytosolic Glutathione Transferases

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

The kinetics of LTC, monomethyl ester formation were studied as a function
of LTA, methyl ester concentration at 5 mM glutathione concentration. The K,,
values for the different isoenzymes ranged from 2.3 to 15 wM, and the V. values
from 17 to 615 nmol/min per mg protein. Transferase 44 had the highest V,,,,.
This enzyme is a homodimer of subunit “4.” A heterodimeric transferase (3—4)
containing one subunit “4” and one subunit “3” had a V,,,, slightly over 25% of
that of transferase 4—4. The other transferases (3—3, 1-1, and 1-2) had V,,,, 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 LTA, methyl ester to LTC, monomethyl ester.
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TABLE I. Specific Activities and Kinetic Constants for the Conversion of LTA,
Methy! Ester to LTC, Monomethy| Ester by Cytosolic Rat Glutathione Transferase®

Specific activities (nmol/

. min per mg) Kinetic constants (LTA ;Me)
Glutathione
transferase LTAMe? CDNB¢ Vimax (nmol/min per mg) K (pM)
1-1 76 *27°¢ 33,000¢ 17 2.3
1-2 56 *28 28,000 17 33
2-2 0.83 £ 0.25 19,000 n.d. n.d.
3-3 25 = 1.1 38.000 22 9.2
34 32 22 28,000 162 =20 15 £ 0.3 (n=2)
4-4 102 = 18 18,000 615 =15 11 £ 4 (n=2

? From Mannervik et al (1984).

® Leukotriene A, methyl ester

¢ 1-Chloro-2 .4-dinitrobenzene.

¢Mean values = S.D. from three experiments with single or duplicate analyses.
¢ Data from Mannervik and Jensson (1982)

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... values for the reactions with leu-
kotriene A, 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 V.. value (162). K,,
values were near 10 uM for transferases containing subunits 3 and/or 4 and around
3 uM for transferases composed of subunits 1 and/or 2. Thus, the transferases with
highest apparent “affinity”” for LTA, methyl ester had the lowest capacity to trans-
form it into LTC, monomethyl ester and vice versa.

Leukotriene A, free acid was converted by the same enzymes to LTC,. 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 C, and E,

Previous investigations in our laboratories have shown that leukotriene C is
metabolized in vitro (Oming and Hammarstrom, 1980; Hammarstrém, 1981; Bern-
strom and Hammarstrém, 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 Hammarstrém, 1982). Chromatographic
analyses of the radioactivity present in different mouse organs showed that leu-
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kotrienes C;, Dj, and E; could be detected in lung, liver, intestine, kidney, and
blood for 1 hr or more after the administration of leukotriene C; (Appelgren and
Hammarstréom, 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 E, formed
by rat liver homogenates. The same product was also found to be an excreted
metabolite of leukotriene C, in the rat.

2.1. Metabolism of Leukotriene E, by Rat Liver Homogenates

[*Hg]Leukotriene E, was converted by homogenates of rat liver to a product
eluting before leukotriene E, on RP-HPLC (compound I; relative elution time,
0.85 = 0.1 compared with leukotriene E,) (Bernstrom and Hammarstrom, 1985).
The ultraviolet spectrum of the product was identical to the spectrum of leukotriene
E, (Bernstrom and Hammarstréom, 1981). Desulfurization with Raney nickel gave
a product that cochromatographed by gas—liquid chromatography with the product
obtained from [*Hglleukotriene C,. 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 + Nal*, and [M + K], respectively, suggesting that the mo-
lecular weight of compound I is 481. Since the molecular weight of leukotriene E,
is 439, this suggested the presence of an acetyl group in compound I. 5-Hydroxy-
6-5S-(2-acetamido-3-thiopropionyl)-7,9,11,14-eicosatetraenoic acid (N-acetylleu-
kotriene E,) was synthesized from leukotriene E, 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-**C]Acetylcoenzyme A and [*Hglleukotriene E, were incubated with di-
alyzed rat liver mitochondria. The N-acetylleukotriene E, formed was purifed by
RP-HPLC, and the contents of tritium and '“C were determined as 34 pmol of *C
from [1-'*CJacetylcoenzyme A and 33 pmol of tritium from [5,6,8,9,11,12,14,15-
3Hglleukotriene E, (Fig. 1).

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

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

After subcutaneous administration of leukotriene C,4, labeled with triti_}lm in
the fatty acid part, the radioactivity was largely excreted over a 72-hr period (Orning
et al., 1984). Of the recovered tritium, 89-92% appeared in feces, and the rest in
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FIGURE 1. Conversion of [1-'“C]acetylcoenzyme A and [*Hg]leukotriene E, to compound 1
using a pressure-dialyzed suspension of rat liver mitochondria. Compound 1 contained 33 pmol
of leukotriene E, (from 3H) and 34 pmol of acetate (from '*C). Conditions for HPLC: A column
of Cig Nucleosil (4.6 x 250 mm; 5 pm particles) was eluted with methanol/water/acetic acid/o-
phosphoric acid (65 : 35 : 0.07 : 0.03, v/viviv; pH 5.4) at a flow rate of 1 ml/min. x, 3H; -, "C.
(From Bernstrom and Hammarstrém, 1984).

urine from conventional and germ-free rats. Approximately 75% of the tritium-
labeled leukotriene C, metabolites were recovered in the ethanolic extract of feces
from germ-free rats, and the rest was released after refluxing 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, 111, 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 C, from
conventional rats. Eight compounds, designated II, III, 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 (B) rats after administration of [*Hg]leukotriene C,. Conditions for HPLC: A
column of Cqg Polygosil (500 x 10 mm) was eluted with methanol/water/acetic acid 70/30/0.1
(viviv) adjusted to pH 5.4 with NH,OH at a flow rate of 4.5 ml/min. (From Oming 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 VHI 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
C, (Murphy et al., 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 al., 1979). Thus, the original positions of the triene and the thioether
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FIGURE 3. Ultraviolet spectrum of compounds VIII and IX
from Fig. 1. (From Orning et al., 1984.)

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 E,. Compound VIII also
cochromatographed by reverse-phase HPLC with synthetic N-acetyl leukotriene E,
both as the free acid and as the methyl ester derivative. The contractile activity of
compound VIII on guinea pig ileum was also identical to that of N-acetyl leukotriene
E,. Based on this, it was concluded that the structure of compound VIII was 5-
hydroxy-6-S-(2-acetamido-3-thiopropionyl)-7,9-trans-11, 14-cis-eicosatetraenoic  acid
(N-acetyl leukotriene E,).

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

The transformation of leukotriene C, to N-acetyl leukotriene E, (Fig. 4)
is analogous to the pathway of mercapturic acid biosynthesis (Chasseaud, 1979),
in which xenobiotics are transformed to N-acetylcysteine 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 hormonelike substance, leuko-
triene C,.

On the basis of in vitro experiments, it has been suggested that cysteine-
containing leukotrienes are metabolized to 6-trans-leukotriene B, and the 12-epi
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FIGURE 4. Scheme for the conversion of leukotriene C, to N-acety! leukotriene E, and N-acety!-
11-trans leukotriene E,.

isomer of this compound (Goetzl, 1982; Hendersson and Klenbanoff, 1983; Lee et
al., 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 B, isomers indicate that in the rat, the
major pathways of metabolism of systemically administered leukotriene C, do not
involve cleavage of the C-6 to sulfur bond.

The characterization of excreted metabolites of leukotriene C, 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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Formation and Role of
Lipoxygenase Products in
Human Platelets
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1. INTRODUCTION

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 (PGG,/PGH,) and thromboxane A, (TxA;),
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 12-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 (Hammarstrdm and
Falardeau, 1977) and platelet diglyceride lipase (Rittenhouse-Simmons, 1980). More
recently, 12-HPETE was described as an inhibitor of PGH,/TxA,-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, 11-eicosatrienoic acid (20:3n-
9), a marker of linoleic acid deficiency (Holman, 1960) that appeared to potentiate
platelet aggregation (Lagarde er 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
LIPOXYGENASE 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 10%/ml) isolated from
their plasma and 105 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 |. Lipoxygenation of Eicosaenoic Acids Alone or in the Presence of AA or

12-HPETE?
Concentration AA DHLA EPA 20:3n-9
10°M(n = 5) 1.8 0.6 0.4 0.8
10°M(n =2 183.2 85.4 2.2 241.3
10°M + AA (10°° M) — 1.4 2.4 1.6
(n =13)

10°°M + 12-HPETE — 2.4 3.6 2.5
(5 X 10 M)
(n=13)

2 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 LIPOXYGENASE

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 ez 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 intraplatelet 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 V,,,, 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 ef
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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 A, 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 TXB, and 12-HETE. These
results showed a preferential conversion of the endogenous fatty acid (Sautebin et
al., 1983).

4. MODULATION OF PLATELET AGGREGATION BY
LIPOXYGENASE 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 15-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
PGH, (a TxA, mimetic). Each product was able to counteract the aggregation with
an ICsp in the micromolar range. However, the 12-hydroxy derivatives were slightly
more potent than 15-hydroxy. Further investigations on the specificity of the in-
hibition were done with other lipoxygenase products of AA. We then found that
5-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 B, (5S,12R-di HETE) was completely
devoid of any activity, whereas its isomer 55,12S-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 of prostanoids, which are 15-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-OH-5,8,10-20:3 as checked by mass spectrom-
etry) exhibited a different activity pattern. It potentiated platelet aggregation at low
concentrations (below 5 X 1077 M) but it was inhibiting over 10~° M. This biphasic
effect was quite similar to that obtained with PGE,. Experiments performed with
platelets enriched with 20:3n-9 revealed that when triggered with thrombin, the
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TABLE II. Inhibition of Piatelet
Aggregation Induced by the 9-Methoxy
Analogue of PGH?

Compound Inhibition (%)°
12-HETE 100
15-HETE 97
12-OH-20:3(8,10,14) 86
15-OH-20:3(8,11,13) 44
12-OH-20:5(5,8,10,14,17) 135
15-OH-20:(5,8,11,13,17) 92
5-HETE 33
55,125-diHETE 46
LTB, (55,12R-diHETE) 0

“ The ICso for 12-HETE was 6.6 X 10° M when 8 x 10° M
analogue of PGH, was used.

® Results, expressed in percentage of the activity exhibited by
12-HETE, are the means of at least 5 determinations.

amount of lipoxygenase. product of this acid produced during the incubation com-
pares with the potentiating concentrations of 12-OH-5,8,10-20:3 reported above
(Lagarde er al., 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 A,. 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
PGH,/TXA,.
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1. INTRODUCTION

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-
chondrial lipid 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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BAILEY ® Department of Biochemistry, George Washington University School of Medicine and Health
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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 K,, values decreasing as a function of
the number of double bonds (Halangk et al., 1977). Also, the V. values for Cy;
and C,5, are significantly greater than those for C,s.3 and C,04 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-
chondrial lipoxygenation.

2. MITOCHONDRIAL LIPOXYGENATION 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*, Mg?*, 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 O, 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 O, (Fig. 1A). 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 (carbonylcyanide
p-trifluvoromethoxyphenylhydrazone). When reticulocyte lipoxygenase was added
along with Ca’* to the mitochondrial suspension, a significant increase in the
rate of rotenone-insensitive O, consumption was observed. Addition of the Ca®*
chelator EGTA 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 O, 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 al., 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 Ca®* accumulation.

In the experiment shown in Fig. 1B, intact rat liver mitochondria were added
to normal medium containing an abundance of Ca?* (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 Ca?* (Fiskum, 1984). Soon thereafter, respiration deceler-
ated to an abnormally slow pace because of Ca®*-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 ¢ was then used to initiate rotenone-insensitive, FADH,-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
Ca?*, Mg?* permeability barrier of the outer mitochondrial membrane to large
molecules was lost during the Ca®*-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 Ca®*-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 A, 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 uM 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 Rate of oxygen consumption
conditions (% control)

Control (+BSA, CA?*, MG**)* 100

-BSA 80

+ Soybean lipoxygenase® 0

+ Boiled reticulocyte lipoxygenase 0

+EGTA 0

—Mg?* 135

+PMSF* 115

° The conditions were the same as those used in the experiment described in Fig. 1A (n = 2-10).

b Purified soybean lipoxygenase was present at a concentration that gave the same rate of O,
consumption in the presence of free arachidonic acid as that for reticulocyte lipoxygenase.

¢ Phenylmethy] sulfonylfluoride (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 O, consumption was observed with soybean 15-
lipoxygenase or the heat-inactivated reticulocyte enzyme. Lipoxygenation was also
entirely dependent on the presence of Ca’* (but not Mg?*), as indicated by the
100% inhibition caused by the presence of EGTA. This is particularly intriguing
since the presence or absence of Ca?* 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 K, for free Ca’* falls within the range of 10-20
pM. This suggests that Ca>* 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 Ca?* (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 LIPOXYGENATION

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 ez al., 1979; Schewe et al., 1975). Thus, only the presence of peroxidative
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 Ca?* -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%



LIPOXYGENATION OF MITOCHONDRIAL MEMBRANES 93

of 18:2, 20:4, and 22:6 fatty acyl groups had been utilized as substrates for the
reticulocyte lipoxygenase. 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 11-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

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 al., 1983).

Further elucidation of the products formed during mitochondrial lipoxygenation
should increase our understanding of the structure—function relationships that exist
between the mitochondrial membranes and normal or abnormal mitochondrial ac-
tivities. This, in turn, 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 Ca* 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 Ca®*-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.

REFERENCES

Boches, F. S., and Goldberg, A. L., 1982, Role for the adenosine triphosphate-dependent proteolytic
pathway in reticulocyte maturation, Science 215:978-980.



LIPOXYGENATION OF MITOCHONDRIAL MEMBRANES 95

Bryant, R. W., Bailey, J. M., Schewe, T., and Rapoport, S. M., 1982, Positional specificity of a
reticulocyte lipoxygenase: Conversion of arachidonic acid to 15S-hydroperoxy-eicosatetracnoic
acid, J. Biol. Chem. 257:6050-6055.

Chappell, J. B., and Crofts, A. R., 1965, Calcium accumulation and volume changes of isolated
mitochondria, Biochem. J. 95:378-392.

Fiskum, G., 1984, Physiological aspects of mitochondrial calcium transport, in: Metal Ions in Biological
Systems, Vol. 17: Calcium and Its Role in Biology (H. Sigel, ed.), Marcel Dekker, New York,
pp. 187-214.

Fiskum, G., Bryant, R. W., Pease, A., and Bailey, J. M., 1983, Influence of reticulocyte lipoxygenase
and 15-HETE on mitochondrial energy coupling, Fed. Proc. 42:2251.

Halangk, W., Schewe, T., Hiebsch, C., and Rapoport, S. M., 1977, Some properties of the lipoxygenase
from rabbits reticulocytes, Acta Biol. Med. Germ. 36:405-410.

Hillered, L., and Emster, L., 1983, Respiratory activity of isolated rat brain mitochondria following
in vitro exposure to oxygen radicals, J. Cereb. Blood Flow Metab. 3:207-214.

Hughes, H., Smith, C. V., Homing, E. C., and Mitchell, J. R., 1983, High performance liquid
chromatography and gas chromatography—mass spectrometry determination of specific lipid per-
oxidation products in vivo, Anal. Biochem. 130:431-436.

Krause, W., and Halangk, W., 1977, Relationship between conformational state and susceptibility to
reticulocyte lipoxygenase of rat liver mitochondria, Acta Biol. Med. Germ. 36:381-387.

Lawrence, R. A., and Burk, R. F., 1976, Glutathione peroxidase activity in selenium-deficient rat liver,
Biochem. Biophys. Res. Commun. 71:952-958.

Muller, M., Dubiel, W., Rathmann, J., and Rapoport, S. M., 1980, Determination and characteristics
of energy-dependent proteolysis in rabbit reticulocytes, Eur. J. Biochem. 109:405-410.

Nohl, H., Breuninger, V., and Hegner, D., 1978, Influence of mitochondrial radical formation on
energy-linked respiration, Eur. J. Biochem. 90:385-390.

Rapoport, S. M., Schewe, T., Wiesner, R., Halangk, W., Ludwig, P., Janicke-Hohne, M., Tannert,
C., Hiebsch, C., and Klatt, D., 1979, The lipoxygenase of reticulocytes: Purification, character-
ization and biological dynamics of the lipoxygenase; its identity with the respiratory inhibitors of
the reticulocyte, Eur. J. Biochem. 96:545-561.

Scrapa, A, and Lindsay, J. G., 1972, Maintenance of energy-linked functions in rat liver mitochondria
aged in the presence of nupercaine, Eur. J. Biochem. 27:401-407.

Schewe, T., Halangk, W., Hiebsch, C., and Rapoport, S. M., 1975, A lipoxygenase in rabbit retic-
ulocytes which attacks phospholipids and intact mitochondria, FEBS Lett. 60:149-152.

Schewe, T., Halangk, W., Hiebsch, C., and Rapoport, S., 1977, Degradation of mitochondria by
cytosolic factors in reticulocytes, Acta Biol. Med. Germ. 36:363-372.

Schnaitman, C. A., and Greenawalt, J. W, 1968, Enzymatic properties of the inner and outer membranes
of rat liver mitochondria, J. Cell Biol. 38:158-175.

Sies, H., and Moss, K. M., 1978, A role of mitochondrial glutathione peroxidase in modulating
mitochondrial oxidations in liver, Eur. J. Biochem. 84:377-383.

Speiser, S., and Etlinger, J. D., 1982, Loss of ATP-dependent proteolysis with maturation of reticu-
locytes and erythrocytes, J. Biol. Chem. 257:14122-14127.

Thiele, B. J., Belkner, J., Andree H., Rapoport, T. A., and Rapoport, S. M., 1979, Synthesis of non-
globin proteins in rabbit-erythroid cells: Synthesis of a lipoxygenase in reticulocytes, Eur. J.
Biochem. 96:563-569.

Vladimirov, Y. A., Olenev, V. 1., Suslova, T. B., and Cheremisina, Z. P., 1980, Lipid peroxidation
in mitochondrial membrane, Adv. Lipid Res. 17:173-249.



10

The Major Pathway for
Leukotriene B, Catabolism in
Human Polymorphonuclear
Leukocytes Involves w-Oxidation
by a Cytochrome P-450

Enzyme

STEVEN SHAK and IRA M. GOLDSTEIN

1. INTRODUCTION

Leukotriene B, (LTB,), or 5(5),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 play as a mediator of inflammation (Samuelsson, 1983). Leu-
kotriene B, 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 (Goetzl and Pickett, 1980; Feinmark et al., 1981)
and causes these cells to aggregate (O’Flaherty et al., 1981). In vivo, LTB, induces
adherence of PMN to the walls of postcapillary venules in the hamster cheek pouch
(Dahlen et al., 1981), PMN-dependent increases in vascular permeability in rabbit
skin (Wedmore and Williams, 1981), and exudation of PMN in human skin (Soter
et al., 1983).
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Results of recent studies indicate that LTB, can be converted by mixed human
leukocytes to products that are less biologically active (Hansson et al., 1981; Camp
et al., 1982; Jubiz et al., 1982; Salmon et al., 1982; Powell, 1984). One pathway
by which LTB, can be catabolized appears to involve w-oxidation and yields
5(8),12(R),20-trihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid (20-OH-LTB,)
and 5(S),12(R)-dihydroxy-6,14-cis-8,10-trans-eicosatetraen-1,20-dioic acid (20-
COOH-LTB,) (Hansson et al., 1981; Powell, 1984).

Using high-performance liquid chromatography (HPLC), we have developed
a sensitive, reproducible assay that permits quantification of LTB, and its w-oxi-
dation products. With this assay, we have found that human PMN (but not human
monocytes, lymphocytes, or platelets) convert exogenous LTB, almost exclusively
to 20-OH- and 20-COOH-LTB,. We also found that the pathway for w-oxidation
in PMN is specific for LTB, and 5(S),12(S)-dihydroxy-8,14-cis-6,10-trans-eico-
satetraenoic acid (5,12-diHETE) and is sufficiently active to catabolize almost all
of the LTB, that is generated when PMN are stimulated by the calcium ionophore
A23187. Finally, we found that the rate of w-oxidation of LTB, 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 LTB4, 20-OH-LTB4, AND 20-COOH-LTB,

In preparation for analysis by reverse-phase HPLC, LTB, and its w-oxidation
products were extracted and partially purified from cell-free supernatants by chro-
matography on Sep-Pak C;g 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 LTB,, 20-OH-LTB,, and 20-COOH-LTB, but were relatively
free of polar phospholipids, arachidonic acid, and monohydroxy acids. Before
analysis of HPLC, methy] formate was evaporated under nitrogen and replaced with
100 pl of solvent system A (see below). In experiments performed with synthetic
20-COOH-LTB,, 20-OH-LTB,, LTB, (generously provided by Dr. J. Rokach,
Merck-Frosst, Montreal, Quebec), and prostaglandin B, (PGB,) (Sigma Chemical
Co., St. Louis, MO), recoveries after SEP-PAK chromatography were 81.0 + 1.8%,
839 + 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, PGB,, 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-C,5 column (5.0 pm, 5.0 mm X 25
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c¢m) (Phenomenex/HPLC 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 LTB, 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
ml/min 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-LTB,, 20-OH-LTB,, PGB,, and LTB, 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
(1.0-200 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
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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 pm, 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 ml/min
with hexane : 2-propanol (100 : 12). Gas chromatography—mass spectrometry was
performed as described previously (Shak et al., 1983).

3. CATABOLISM OF EXOGENOUS LTB, 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 (GIBCO, Grand Island, NY) containing 1.3 mM CaCl, and adjusted
to pH 7.4 with NaHCOs. 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 LTB, 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 ng/ml PGB, (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°C.

When LTB, (1.0 uM) was incubated at 37°C with highly purified human PMN
(20 X 10° cells/ml), only 15.4 + 11.6% (mean *+ S.D.; range, 3.0-36%; n = 13)
of the LTB, added initially was recovered intact after 15 min. In contrast, greater
than 97% of LTB, was recovered intact after incubation at 37°C for 15 min in
buffer alone. Disappearance of LTB, 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 LTB, (1.0 uM) was incubated with 1.0, 7.0, and
20 x 10° PMN/ml, respectively. In addition, the disappearance of LTB, in the
presence of human PMN was dependent on temperature. Greater than 95% of LTB,
(1.0 uM) was recovered intact after incubation with PMN for 15 min at 0°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 LTB, 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 LTB, by human PMN. Shown are representative
reverse-phase HPLC chromatograms obtained after incubating LTB4 (1.0 uM) with PMN
(20 x 10%ml) at 37°C 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-LTB, and 20-OH-LTB, respectively. First, the material
in the 8.1- and 8.9-min peaks cochromatographed on reverse-phase HPLC with
synthetic 20-COOH-LTB, and 20-OH-LTB,. 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-LTB, and 20-OH-LTB, were chromatographed
using both HPLC systems. Finally, the products in the 8.1- and 8.9-min peaks
were identified as 20-COOH-LTB, and 20-OH-LTB, by gas chromatography—mass
spectrometry.
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3.1. Time Course of the Catabolism of Exogenous LTB, by
Human PMN

The disappearance of LTB, (1.0nM) at 37°C from reaction mixtures containing
20 X 10° PMN/ml was rapid (,,, of approximately 4 min). The accumulation of
20-OH-LTB, and 20-COOH-LTB, also was rapid, particularly during the first 5
min of incubation (data not shown). After 5 min of incubation, the concentration
of 20-OH-LTB, exceeded the concentrations of both LTB, and 20-COOH-LTB,.
After 10 min of incubation, however, the concentration of 20-COOH-LTB, in-
creased further, and the concentrations of 20-OH-LTB, and LTB, decreased pro-
portionately. Greater than 90% of the LTB, added initially could be accounted for
during the first 10 min of incubation.

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

3.2. Comparison of PMN with Other Cell Types for the Ability to
Catabolize Exogenous LTB,

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 LTB,, 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 LTB, to 20-OH- and 20-COOH-LTB, (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-OH- and 20-COOH-
LTB, very rapidly to other compounds, suspensions of mononuclear leukocytes and
platelets did convert significant amounts of LTB, to unidentified polar products.
Nevertheless, it appears that among human peripheral blood cells, only PMN rapidly
and efficiently catabolize LTB, 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 A,
methyl ester (generously provided by Dr. J. Rokach) was hydrolyzed to generate
all-trans conjugated isomers of LTB, (6-trans-LTB, and 12-epi-6-trans-LTB,),
which were purified by HPLC as described previously (Shak et al., 1983). Soybean
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TABLE I. Catabolism of LTB, by PMN, Mononuclear Leukocytes,
and Platelets

LTB4* 20-OH—- + 20-COOH-LTB,*
PMN-enriched suspension®
0 min incubation 100
15 min incubation 7=*5 81 = 8
Mononuclear leukocyte/platelet-enriched suspension®
0 min incubation 100 0
15 min incubation 71 £ 19 7=*5

@ Leukotriene B, (1.0 pM) 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).

® The PMN-enriched suspensions contained (per ml) 20 x 10° PMN, 6-8 x 10* eosinophils,
<1 x 10* mononuclear leukocytes, and 20-80 x 10° platelets.

 Mononuclear leukocyte/platelet-enriched suspensions contained (per ml) 80-100 % 10¢ lympho-
cytes, 20 X 10° monocytes, <1 X 10° PMN, <2 x 10° eosinophils, and >1 x 10'° platelets.

lipoxygenase (Sigma) was used to generate 5(5),15(S)-dihydroxy-8,11-cis-6,13-
trans-eicosatetraenoic acid (5,15-diHETE) and 8(S),15(S)-dihydroxy-5,11-¢is-9,13-
trans-eicosatetraenoic acid (8,15-diHETE) from arachidonic acid (Shak et al., 1983).
The doubly oxygenated compound 5,12-diHETE was prepared by adding A23187
(10uM) (Sigma) to suspensions of human PMN containing large numbers of platelets
(Lindgren et al., 1981; Borgeat er al., 1981).

Whereas PMN converted large amounts of LTB, and 5,12-diHETE to -
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 LTB, underwent minimal w-oxidation.

3.4. Catabolism of Exogenous LTB, 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 H,O, (Henderson et al., 1982; Henderson and Klebanoff, 1983a,b).
Henderson and Klebanoff (1983b), for example, found that more LTB, and leu-
kotriene C, were recovered from supernatants of chronic granulomatous disease
PMN (which are unable to generate superoxide anion radicals and H,0O,) (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
H,O, play only a minor role, if any, in the catabolism of LTB, by PMN.

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

PMA (ng/ml) 20-COOH-LTB4* 20-OH-LTB,* LTB4*
0 37+9 32 + 13 15 *9
500 9 + 4 26 + 2 39 + 8

P < 0.01° P>02° P < 0.005°

¢ Human PMN (20 X 10° cells/ml) were incubated with LTB, (1.0 uM) in the presence and absence
of PMA. Results are expressed as a percentage of the initial concentration of LTB, (mean + S.D.;
n = 3).

® A paired Student’s 7 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/10° PMN per 5 min) (measured as superoxide-dismutase-inhibitable ferri-
cytochrome ¢ reduction) (Goldstein ez al., 1975). Nevertheless, like “resting” PMN,
PMA-stimulated PMN converted exogenous LTB, primarily to 20-OH- and 20-
COOH-LTB,. Interestingly, PMN stimulated by PMA converted less LTB, to its
w-oxidation products and less 20-OH-LTB, to 20-COOH-LTB, than did “resting”
PMN. Thus, even in PMN stimulated to produce abundant amounts of superoxide,
w-oxidation is the major pathway for LTB, catabolism. This is not surprising, since
oxidants produced by stimulated PMN might react with LTB, 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-OH- or 20-COOH- products.

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

Having confirmed the findings of others (Hansson et al., 1981; Camp et al.,
1982) that PMN stimulated by the calcium ionophore A23187 generate 20-OH-
LTB, and 20-COOH-LTB,, we also found that the pathway for w-oxidation is
sufficiently active to catabolize almost all of the LTB, 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 uM) for
60 min generated much larger amounts of 20-OH- and 20-COOH-LTB, than of
LTB, itself (Fig. 3).

Results of a representative experiment demonstrating the time course of LTB,
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-OH- and 20-COOH-
LTB, than of LTB, were detected in the medium surrounding PMN stimulated by
10 pM A23187. In fact, only at the earliest time point sampled (i.e., 2 min) was
more LTB, detected than the total of its w-oxidation products. Concentrations of
LTB, reached a maximum after 5 min of incubation and then declined. In contrast,
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FIGURE 3. Generation of LTB4 and its w-oxidation products by human PMN stimulated with
different concentrations of the calcium ionophore A23187. PMN (20 x 108 cells/ml) were in-
cubated at 37°C for 60 min with A23187, and the quantities of LTB, 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 wM), only negligible amounts
of LTB, were detected after 10 min of incubation (0.15 pmol/10° PMN). In contrast,
much larger amounts of 20-OH- and 20-COOH-LTB, accumulated in the reaction
mixtures gradually over 60 min (data not shown). Thus, almost all of the LTB,
generated by PMN in response to stimulation with A23187 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-LTB,. They suggested that FMLP “more specifically” stim-
ulates the biosynthesis of 20-COOH-LTB, by PMN than the biosynthesis of LTB,.
Results of our studies, however, suggest that it is more likely that FMLP stimulates
LTB, synthesis in human PMN only weakly (resembling 0.5 wM A23187) and that
the small amount of LTB, 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 LTB,4 and its w-oxidation products by stimulated
PMN. Shown are the results of a representative experiment in which PMN (20 x 10 celis/ml)
were incubated at 37°C with 10 uM A23187.

5. INHIBITION OF w-OXIDATION OF LTB, BY CARBON
MONOXIDE

w-Oxidation of stable 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 LTB, 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 of LTB,4 (1.0.M) by PMN (20 X 108 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 LTB, detected
in the medium surrounding PMN that had been stimulated with A23187 (10uM)
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 LTB, accumulated
in the medium during 60 min of incubation of PMN with A23187 in buffer containing
carbon monoxide, and only small amounts of 20-OH- and 20-COOH-LTB, were
detected (data not shown). Reexposure of the reaction mixtures to oxygen after 60
min of incubation resulted in the rapid disappearance of LTB, and the accumulation
of large amounts of 20-OH- and 20-COOH-LTB,. Thus, carbon monoxide reversibly
inhibits w-oxidation by PMN of both exogenous LTB4 and LTB, generated after
exposure of cells to A23187. w-Oxidation of LTB,4 in PMN, therefore, resembles
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FIGURE 5. Inhibition of LTB4 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 LTB, plays in provoking inflam-
mation has not been determined. Results of our studies indicate that human PMN
not only generate and respond to LTB, 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 LTB, by PMN might
promote inflammation, catabolism of LTB, 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 formed
from 12-HPETE by an enzyme system present in rat lung (Pace-Asciak et al.,
1983a). These were shown to be 8-hydroxy-11,12-epoxy (8H-11,12-EPETE) and
10-hydroxy-11,12-epoxy (10H-11,12-EPETE) eicosatrienoic acid. Evidence was
presented to show that both oxygen atoms in the hydroxyepoxides were derived
from molecular oxygen (Pace-Asciak et al., 1983a). Also, when ['®0OJoxygenated
12-HPETE was incubated with this enzyme preparation, '®0 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 terminal hydroxyl group of the hy-
droperoxide of 12-HPETE was transferred via an inter- or intramolecular mechan-
ism was not determined. The present chapter reports evidence with a mixture of
['®O]- and ['®O]-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-'8Q'8Q]- and [12-'°O'®0]-[*Hg]HPETE

[*Hg] 12-HPETE containing '*0'30 or '®0'°0 was prepared as recently reported
from rat platelets except that octadeuterated arachidonic acid was used as substrate
(Pace-Asciak et al., 1983a). The ['®O]- and ['°O]-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-'*0Q'®*0]- and
[12-'Q'%0]-[2Hg]JHPETE was made up in aratio 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-'80'80]- and [12-'®0'60]-[?Hg]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 ml) and ice-cold diethyl ether (12 ml). The contents were
acidified to pH 3 with 0.5 N HCI and centrifuged at 2°C. 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 12-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 107° M in
incubations as above but containing ['*C]-labeled 12-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-11,12-EPETE and 10H-11,12-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 e al., 1982, 1983a).
In the present experiments, a mixture of [ 12-'%0"#0]- and [12-'°0'®OJoctadeuterated
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-11,12-EPETE, and 10H-11,12-
EPETE are shown in Fig. 1A with hematin as catalyst and in Fig. 1B 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 '*O : 'O of the substrate 12-HPETE is recovered in 12-HETE as well as
in both hydroxyepoxides. Furthermore, the latter contain either two '*Q atoms or
two '°O atoms with negligible amounts of the mixed species, i.e., '*0'°0. In both
experiments, i.e., hematin and rat lung, some hydrolysis of 8H-11,12-EPETE took
place as observed by the presence of the trihydroxy derivative 8,11,12-THETE.
The present data show that this product contained two ‘20 or two 'O atoms, as
did its precursor, 8H-11,12-EPETE; the third oxygen atom contains '®O (derived
from water), confirming our previous observations (Pace-Asciak er 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 (1) to the C-8 alkyl position with double bond migration from A¥(cis) to
A®(trans; unpublished observations) and epoxide formation at C-11,12; or (2) to
the C-10 alkyl position with epoxide formation at C-11,12.

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



FIGURE 1. Results of GC-MS-NICI analyses of products resulting from incubation in phosphate
buffer of a mixture of [12-'0'€0]- and [12-'8080]- (5 : 4) [5,6,8,9,11,12,14,15-2Hg]HPETE with
(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).

FIGURE 2. High-performance LC profiles of extracts derived from incubation of [1 -14C]12-HPETE
in phosphate buffer containing hematin (0.6 uM), FeCl (6 uM), and FeCl; (6 pM). EH-1 =
10H-11,12-EPETE; EH-2 = 8H-11,12-EPETE.
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12-HPETE

l Hematin or
Rat Lung

EH-2 e EH-1

COZH t—t ._* CO.H
Ho L7 —_—
= =Deuterium : *
=18, .18, . H@ OH
8.11,12-THET @="%oxygen : '*oxygen (5:4) 10,11,12-THET

L O=1%oxygen

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 = hepoxilin A3; EH-1 = hepoxilin B3;8,11,12-THET = trioxilin A3; 10,11,12-THET = trioxilin
B3. (From Pace-Asciak and Martin, 1984b).

these data that 8H-11,12-EPETE was only formed with hematin as catalyst, although
10H-11,12-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-10 position is
not as greatly affected by the absence of the porphyrin moiety.

These results favor a molecular complex in which the porphyryl moiety of
hematin is associated with the A%*° conjugated diene system of 12-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 al., 1973; Konishi et al., 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 12-HPETE (Pace-Asciak, 1984b).

Since 12-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-11,12-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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Molecular Mechanisms of the
Modulation of Phospholipid
Metabolism by Glucocorticoids

FUSAO HIRATA

1. INTRODUCTION

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 hormofies 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 A, 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 Ca®>* 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 A, 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-A, activity in vitro (Hirata et al., 1982).
Thus, it is tentatively thought that the smaller peptide might be derived from the
species with the M, = 40,000 (Hirata et al., 1982). Purified lipomodulin forms a
stoichiometric complex with phospholipase A,. 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 A, reaction is
reduced by lipomodulin in a dose-dependent manner. Furthermore, lipomodulin
affects the apparent K, of phospholipase A, for Ca?*, an activator, but not the
apparent K, of phospholipase A, 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
LIPOMODULIN 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 [*H]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 LIPOMODULIN

How phospholipase A, 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 er 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 A,. However, its dephos-

TABLE I. Increased mRNA Level by Glucocorticoids

HL 60 cells U937 cells

Glucocorticoid receptor

sites per cell 100 2,900

Km for dexamethasone (nM) 18
Lipomodulin synthesized (cpm/10* cells)

minus dexamethasone 640 430

plus dexamethasone 640 1,160
mRNA for lipomodulin (%)°

minus dexamethasone 1.00 0.6

plus dexamethasone 1.00 1.8

? Measured by incorporation of [H]-leucine into the immunoprecipitable protein.
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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 fMetLeuPhe 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 lymphocytes (Hirata ez 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 A,, 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

Nucleus

Chromatin

OO

I B8
—_ »O
r,%‘\‘ S

Lipomodulinase

Glucocorticoid Responses

FIGURE 1. Hypothetical mechanism of glucocorticoid modulation of arachidonic acid release.
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Transmembrane Signal in the
Secretory Process of A23187-
Stimulated Human Leukocytes

A Study of Eicosanoid Release

MONIQUE BRAQUET, ROGER DUCOUSSO,
MARIE-YVONNE CHAPELAT, PIERRE BORGEAT,
and PIERRE BRAQUET

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 play a role in modulating the AA
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cascade (Oelz et al., 1978; Dusing et al., 1982; Gill, 1980; Skrabal et al., 1981).
Since Ca?* also plays a fundamental role in triggering the AA cascade (Oelz et
al., 1978), Ca?*-dependent K* permeability ([Ca?*]-dep Px) (Gardos, 1958;
Kregenow and Hoffman, 1972; Lew and Ferreira, 1977, 1978; Hoffman et al.,
1980; Schartz and Passow, 1983) could serve as the mechanism that links [Ca®*];,
K* efflux, and AA metabolism. As we have shown that [Ca?*];-dep Pk could be
a part of the membrane signal of the A23187-stimulated rabbit platelet (Braquet et
al., 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 <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: CI,
142; HPO,*, 2.5; H,PO,, 0.5; glucose, 10 (pH = 7.4; determined osmolarity =
284 mOsM). To change the Na*/K™ 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 CaCl, and MgCl, 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 Ca* ionophore
A23187 (1.5pM) 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 methanol/
acetonitrile (1/1, v/v) containing 200 ng of PGB,. 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-
tracthylammonium, tetrodotoxin (TTX), 4,4’-diisothiocyano-2,2'-disulfonic acid
stilbene (DIDS), the cyanine dye di-S-C;(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 al., 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 Ca>* ionophore A23187 were
5-HETE, LTBy, 5(S,12(S)-diHETE, and the isomers of LTB, (A%trans LTB, and
12-epi-AS-trans LTB,). Metabolites of LTB, (i.e., 20-OH LTB, or 20-COOH-
LTB,) as well as LTC,4 and LTD, 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*], was increased from 10 to 150 mM at the expense of [Na™],, 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*],. At[K*], = 0
mM, the release of all eicosanoids monitored also was markedly reduced. Rubidium
or Cs*, used in place of [K*],, 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*],. Ouabain (3 x 1073
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 1077-10"* 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-° M or 10~7 M; quinine induced
a strong inhibition of both CO and LO pathways but only at the highest concentration
used (107 M); di-S-Cs(5) at 10~ or 10> M markedly inhibited both CO and LO
pathways (Table I).

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

TABLE 1. Effect of the Cyanine Dye Di-S-C5(5)
on Eicosanoid Release in A23187-
Stimulated Human Leukocytes plus Platelets

. Eicosanoid release (percent of control)?
Concentration (M)

of di-S-Cs(5) TxB, PGE, LTB,
1073 16.1 25.2 17.4
107 14.7 18.4 12.1
107 40.0 57.1 37.1
10 93.6 102.0 106.4

¢ Means of three samples in all cases.
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TTX induced a moderate effect on eicosanoid release, but only at the highest
concentration used (10~* M): LTB,, —32%, 5-HETE, —42%, 20-OH-LTB,, —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 Ca?>* ionophore used (<107°
M) (Fig. 1). This effect seemed to be maximal when the concentration of A23187
was about 5 X 10~ M and when the concentration of valinomycin was 107> 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 (pH,,) in the MOPS—tris-buffered medium produced
profound modifications of the release of both CO and LO metabolites. Thus, at all
values of pH, =< 6.0, eicosanoid release was abolished. This effect was particularly
evident for LTB,: at pH, = 6.5, LTB, release was about 50% of control, whereas
at physiological pH, (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 LTA, (A®-trans-LTB,, 12-epi-LTB,). In MOPS-tris-buffered me-
dium, DIDS (10~ M) profoundly inhibited eicosanoid release over the whole range
of pH, studied (i.e., 5.0-8.0). Amiloride (10~* M) in MOPS—tris-buffered medium,
like DIDS, inhibited the release of all eicosanoids that were monitored; inhibition
was nearly complete at all pH, 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

FIGURE 1. Dose-dependent effect of the mixture A23187 plus valinomycin versus A23187
alone on LTB, release in human leukocytes plus platelets.
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FIGURE 2. Effects of DIDS, of
amiloride, and of amiloride plus
DIDS on LTB, release in human
leukocytes plus platelets at differ-
ent external pH values.

initiated eicosanoid release 30 sec after its addition to the medium, it is noteworthy
that the generation of superoxide (O,'”) 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*], led to changes
in eicosanoid release in vitro (Oelz et al., 1978; Dusing et al., 1982) and in vivo
(Gill, 1980; Skrabal er al., 1981), it is shown herein that eicosanoid release was
also decreased in A23187-stimulated leukocytes at various [K*],. The decreased
eicosanoid release at [K*], = O 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*], 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 al., 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 [Ca®*];, which would favor opening of the K* channels ([Ca?*};-
dep Py), Gallin et al. (1975) have shown that [Ca®*];-dep Py is involved in mac-
rophage activation (see also Oliveira-Castro and Dos Reis, 1981), and it is shown
herein that the inhibitors of [Ca®*];-dep Pk, quinine and di-S-Cs(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 valinomycin 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 Ca**
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 Ca®>* efflux that occur during leukocyte
activation, can be used to formulate the following sequence of events involved in
leukocyte activation (see Fig. 3): Ca** mobilization and/or Ca®>* and Na™ in-
fluxes — increased [Ca®* ]; — transient hyperpolarization via K* efflux ([Ca®*];-
dep Py) and simultaneous commencement of Ca®* extrusion or sequestering mech-
anism — changes in Na™ channels — Na* influx — membrane depolarization.
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Postphospholipase Activation
of Lipoxygenase/
Leukotriene Systems

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 lipoxy-
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-LIPOXYGENASE

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 ez al., 1982). However, in the presence of

JACK Y. VANDERHOEK and J. MARTYN BAILEY e 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
60-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.

There 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

FIGURE 1. Activation of 5-lipoxygenase-catalyzed oxidation of arachidonic acid in PT-18
mast/basophil cells by 15-HETE. Autoradiograph of a thin-layer chromatogram of ['*Clarachidonic
acid metabolites formed by PT-18 cells in absence (left lane) or presence (center lane, 3 uM;
right lane, 22 puM) of 15-HETE. AA, arachidonic acid; TG, triglycerides.
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FIGURE 2. Effect of 15-HETE concentration on leukotriene B, and 5-HETE formation in PT-
18 cells. PT-18 cells were preincubated with different concentrations of 15-HETE for 10 min at
37° prior to the addition of ['“Clarachidonic acid; [*C]5-HETE and ['*C]5,12-diHETE (including
leukotriene B,) 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 al., 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 uM 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 al.,
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 ['*C]arachidonic acid was measured as described in the legend of
Fig. 2.

the 5-lipoxygenase in rabbit peritoneal PMNs (Vanderhoek et al., 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 Ca’* dependent. This was
confirmed in RBL-1 cells, where it was established that the 5-lipoxygenase present
in the 10,000 X g supernatant of RBL-1 cells was stimulated by Ca>* in a dose-
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dependent manner (Jakschik ef al., 1980). Thus, 0.4 mM Ca?" increased 5-HETE
formation from exogenous ['“CJarachidonic acid fivefold. Subsequent work showed
that Ca®>* induced a dimerization from an inactive 90,000-molecular-weight mon-
omer to an active 189-190,000 dimeric species (Parker and Aykent, 1982).

Human PMNs metabolized exogenous arachidonic acid (250 wM) complexed
with albumin predominantly to 5-HETE and LTB, 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 pM) increased 5-HETE production in 107 cells from <7 pmol to 440
pmol, whereas LTB, formation was increased from <2 pmol to 66 pmol. The 5-
lipoxygenase from guinea pig peritoneal PMNs also exhibited a Ca?* requirement
(Ochi er al., 1983). Other divalent cations such as Cu?* or Fe?* were ineffective.
The enzyme activity was further increased by the addition of ATP. A maximum
fourfold stimulation of 5-HETE and LTB, production was observed with about 2
mM ATP. Other nucleotides were less effective.

The human myeloid cell line K562 produces 5-HETE as well as 11/12-HETE
and 15-HETE from exogenous arachidonic acid. The tumor promoter 12-O-tetra-
decanoylphorbol-13-acetate was reported to increase 5-HETE formation less than
twofold (Valone er al., 1983). The nonionic 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 pM A23187, a further augmentation of product formation was
observed when both of these agents were present. A nearly sevenfold stimulation
of 5S-HETE was observed with 0.1% BRIJS6 and 10 uM 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 cyclooxygenase activities.
A maximal 50% enhancement was observed with 1 pM indomethacin. Table 1
summarizes the effects of different stimulators on various mammalian S-lipoxy-
genases.

3. 12-LIPOXYGENASE

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 uM 12-HPETE.
The corresponding reduction product, 12-HETE, was inactive. Since 8-HPETE, 9-
HPETE, and 11-HPETE were less effective than 12-HPETE, there is an isomeric
specificity for this activation process. Inhibition of the platelet cyclooxygenase
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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 cyclooxygenase 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 Ca®* dependence (Jakschik ef al., 1980), two drugs known
to interfere with intracellular Ca?*, the membrane drug chlorpromazine and the
intracellular Ca®* 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 al., 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 lymphokine that enhances eosinophil migration, was recently reported to
induce a two- to threefold increase in 12-HETE production in murine eosinophils
(Turk er al., 1983). 12-O-Tetradecanoylphorbol-13-acetate doubled 11/12-HETE
production in human K562 cells (Valone et al., 1983). The data on the stimulation
of the 12-lipoxygenase are summarized in Table II.

4. 15-LIPOXYGENASE

The 15-lipoxygenase in peripheral blood PMNss 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 ['“Clarachidonic 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-
toneal leukocytes, although only a 65% enhancement in 15-lipoxygenase metabolite
formation was observed (Narumiya er al., 1981). These workers also reported that
this enzyme lacked any divalent cation dependence. The tumor promoter 12-O-



JACK Y. VANDERHOEK and J. MARTYN BAILEY

140

a7e0ZUAqA X0 -¢ b € -1£100-(OUTUrR[APAIP-N‘N)-8 ‘8-GIL »

Ae0RIP-C1CI Jjeja08L
-foqroyd ‘[oqioyd-oy -g1-[oqroyd
€861 “ID 12 JUOIEA “ale1aoelp-Qz ‘€ 1-10q104d -[AouedapenaL-O-l uewny (449 |
1910woxd
uoneuIns
£861 “Ip 12 YL Irydoutsog asnop Iiydoutsogy
$10)0€J WIS
181 ONUYUY ®y ageydoroepy
0861
“I[oueN-TuoS LY $10)0B} WIS nqqey
pue SuuOY-I[Juyy el ONUYUY 3SIOH
aurzewoidio[yd
qz861 ‘v 12 JnORW -8-dL
10)o8]
0861 ‘U] PUB IN2IO J0)ILNSUODIOSBA
0861
‘13quiey pue Sioquieyq saprxorad(opug)
6L61 v 12 198218 HL9H-TI HLAdH-6 ‘dLAdH-8 H14dH-TI uewny 1[REd
S30U2IAJY aAnoeUf aAnOR $SI] J0JBANOY saradg {E)e)

393132 Soeuy

90IN0S Ie[ny[a)

seseuabAxodr]-g | UBlEWLWR JO SIoINWAS ‘|| I1GVL



POSTPHOSPHOLIPASE ACTIVATION 141

FIGURE 4. Activation of human PMN 15-lipoxygenase by ibuprofen. Autoradiograph of
{'“Clarachidonic 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 identified 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 ef al., 1983). The effects of different activators on the
15-lipoxygenase are summarized in Table IV.

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

It is generally accepted that formation of the different classes of biologically
active arachidonic acid metabolites is initially controlled by cellular lipase activity,
which releases arachidonic acid from cellular lipid pools. As shown in Fig. 6, the
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FIGURE 5. Reversibility of ibuprofen activation of human PMN 15-lipoxygenase. The 15-HETE
formation from ['“C]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 ['“Cjarachidonic 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 lll. Relative Potencies of Ibuprofen, Aspirin, and
Indomethacin in Stimulating the PMN 15-Lipoxygenase in
Different Human Subjects

Stimulation of ['*C]15-HETE® formation (times control)

Ibuprofen® Aspirin® Indomethacin?

Subject 5 mM 5 mM 0.7 mM
W.M. 12.4 1.1 1.1

G K. 10.4 2.0° 1.8
T.H. 13.6 34 2.2

T.S. 6.4 1.0 0.79
J.S. 6.6 1.3 4.7

J.V. 5.4 0.58 1.1¢

@ Stimulation of ['*C]15-HETE formation from ['“Clarachidonic 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.

¢ Concentration range tested was 0.2-8 mM. At S mM, aspirin exhibited highest stimulation
except in subjects G.K. and J.V., where 0.4 and 1 mM, respectively, were found to be the
optimum concentrations.

4 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.V., where 0.05 mM was
found to be the optimum concentration.



143

POSTPHOSPHOLIPASE ACTIVATION

(Jesuoyrad)
1861 v 12 eATWNIEN uIEYIaWOpU] nqqey NI
JejadeIp oumuuom,
-€1'Z1-l1oqioyd 9IeI0eIp -g1-Jogroyd
€861 v 12 JUO[RA ‘[0gIoyd-op -02'€1-10gioud -JAoued3penaL-O-71 963
(pooiq
861 ‘Aojreg uroROWOpU] rerayduad)
pue Yooylopuep udsy uogjordnq uewIny NWd
SOOUAIIYIY aAljoRU] QAIOR SSO] 10JBAIOY sarvadg {8}

$109}J2 Jofeuy

20IN0S Ie[N|[2)

saseuabAxodi]-G| ueleWWEW JO SIORINWNS ‘Al 318VL



JACK Y. VANDERHOEK and J. MARTYN BAILEY

144

‘pIoe DIUOPIYdRIe 991} ases|a) 0) 9sB|0IPAYIAOE JBIN||8D BY) JO UONEBAIIDE PaUSI|Ge)Sd Aisnoinaid ayy si uonenbai
4O a)Is 111} Ay "se1vads eseuabAxodij 8AI0E Ue 0} PaUBAUOD S| aseuabAxodi) aAnoeUl Ue Agalaym uonejnbal Jo a)s puodss
‘mau ay) Buneoipul swayos pasodold "wsiogelaul pioe dluopiydese pazAjejes-aseuabAxodij jo sens Aioyeinbsy "9 JUNHI4

S3LIAHL 'SILIHP

saualjodna 313dH Geee—— DIOY OIUOPIYORIY mm—— 5P| JEIN||9D
aseuabAxodn ase|oipAylAoy
Al OAI}0
$313H "oV Hov
aseuabAxodin ase|0ipAylAoy
aAljoRU| aAljoey|



POSTPHOSPHOLIPASE ACTIVATION 145

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 lipoxygenase 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

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 ez al., 1980). Thromboxane (TxA,) 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

J. MARTYN BAILEY, TIMOTHY HLA, BARBARA MUZA, and JAMES PASH e Department of
Biochemistry, George Washington University School of Medicine and Health Sciences, Washington,
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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 (PGI,) synthesized in blood vessels via the cyclooxygenase en-
zyme is a potent inhibitor of platelet aggregation, and PGI, 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 (Weksler, 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-cm? or 75-cm? 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 pg/ml), penicillin (50 units/ml), and streptomycin (50
pg/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 wM. 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 pg/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 pl
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 ['“C]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 1-ml portions for 25-cm? flasks and
two 0.5ml portions for well cultures. [1-'*C]Arachidonic acid (0.75 pCi, 4 pg/ml)
was added as follows: 1 ml per 25-cm? flask, 0.5 ml per 10-cm? well, and 0.25
ml per 2-cm” well. All cultures were incubated at 37° for 5 min, and the medium
was collected and added to tubes containing 5 ng each of 6-keto-PGF,,, PGF,,,
PGE,, PGD,, 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 er al., 1983), which consisted
of the organic layer of a mixture of ethyl acetate : isooctane : water and acetic acid
in the proportions 11 : 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 '*C of approximately 20%. The plates were then wrapped in plastic wrap (Union
Carbide) and placed on 8” X 10" 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 ['*CJarachidonic acid synthe-
sized primarily prostacyciin (identified as its stable breakdown product 6-keto-
PGF,,) as the major component together with lesser quantities of prostaglandins
E,, F,,, and D, (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 ef 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 uM to 25 pM.
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 PGE,, PGD,, and PGF,, 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 pg/ml) or actinomycin D (2 pg/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-'*Clarachidonic acid (0.75 uCi, 4 ug/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 uM aspirin for 30 min.

In parallel experiments, cultures were exposed to graded concentrations of
arachidonic acid in the range of 1 to 15 pg/ml for 15 min. Essentially complete
inactivation of PGI, synthesis to a second challenge of ['*CJarachidonic acid was
induced by prior exposure to all concentrations of AA in excess of 2.5 pg/ml.
Following removal of the inactivating dose of arachidonic acid and addition of fresh
serum-containing medium, self-inactivated cells recovered full prostacyclin syn-
thesizing capacity within 13 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 uM) 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 cycioheximide (20 pg/ml) or
actinomycin D (2 pg/mi).

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 (1 to 10 pg/ml), insulin (10
pg/ml), estrogen (1 wg/ml), HDL (50 pg/ml), platelet-derived growth factor, fi-
broblast growth factor (FGF) (2 pg/ml), and endothelial cell growth factor (150
pg/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).
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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-'*C]arachidonic 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 wM) 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
arelatively selective activation of synthesis 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 j.g/ml) in serum-free medium for 30 min as described in Section 2. Recovery
of prostacyclin synthesis was measured after 13 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 ['*CJarachidonic acid, synthesized
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prostacyclin (PGI,) together with prostaglandins E,, D,, and F,,. Brief treatment
with physiological levels of aspirin (0.2 mM) or arachidonic acid (2.5 pg/ml)
completely inactivated prostacyclin synthesis. Following removal of inhibitor and
addition of fresh growth medium, PGI, synthesis recoverd rapidly with a t;,, of
only 30—40 min compared to a doubling time of 24-30 hr for the cells. Recovery
of PGE,, PGD,, and PGF,, synthesis paralleled that of PGI,, confirming that
cyclooxygenase rather than endoperoxide—prostacyclin isomerase was the labile
component. Recovery of PGI, 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 delipidation 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/ml 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 Ca®>* 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 Ca*>* channel blockers
(Levine, 1983), or from intracellular stores (blockable by TMB-8, which putatively
inhibits release of Ca?* 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 Ca>* (Broekman,
1984), and the concomitant release of inositol phosphates could promote release of
Ca?" from intracellular stores (Streb et al., 1983). Such accumulation of Ca?*
could then potentiate AA release. Whatever the sequence of events leading to

STEWART A. METZ e Division of Clinical Pharmacology, University of Colorado Health Sciences
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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. LIPOXYGENASE-MEDIATED METABOLISM OF AA AND
INSULIN RELEASE

We chose to study pancreatic islets since our previously reported data (Metz
etal., 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, 11,12-epoxy-
8- or -10-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
LIPOXYGENASE-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 BW755¢ and nordihydroguaiaretic acid was found to correlate very well ( = 0.98)
with the blockade by these agents of glucose-induced insulin release (Metz et al.,
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 B-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 3 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 prelabeled 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-pum reverse-phase ODS column as described elsewhere (Metz et al., 1983b,
Metz, 1984a; Metz, 1985). The very small amount of intact cellular material studied
per tube (70-100 islets/tube equals about 700-900 g 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.
D-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, D-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 A, has been identified
in the pancreatic islet by Laychock (1982). Appropriate controls excluded the
possibility that the effect of D-glucose was a “nonspecific” effect of osmolarity,
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Iml KRB 62um pore polyester
2uCi 3H-AA monofilament mesh

l 90 min
wash in KRB/0.2% BSA/g, |.7mM
l 5 min
preincubate in KRB/g, |.7mM
30 min

L 30 min
ice cold ETOH

extract

RP-HPLC

FIGURE 1. Protocol used to study metabolism of arachidonic acid (°H-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 ez al., 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 3-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 12-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 12-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 ef 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
A, 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-
phate (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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o< -D-GLUCOSE

TRIOSE ~P ~_

_ 6=P-—gluconate
———_—— - R-5-p

12-HPETE,
? others

INSULIN
RELEASE

PHOSPHOLIPASE

FIGURE 2. Schematization based on current or previously published data depicting the effect
of p-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. Mannchep-
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 o anomer of D-glucose was more
potent at submaximal concentrations in inducing 12-HETE synthesis than B-p-
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, a-D-glucose also preferentially promotes glycolytic flux and
cAMP and Ca’* 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 Ca?* in
critical pools in the B 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 Ca*
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 Ca?* 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). (Itis interesting
to note that organic hydroperoxides themselves could also mobilize Ca** from
intracellular organelles by altering the redox state of the NADPH and glutathione;
Bellomo er al., 1982).

Glucose also promotes the influx of extracellular Ca?*. It is tempting to tie
such Ca?* fluxes to the breakdown of acidic phospholipids, which have a high
affinity for Ca®* 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 Ca’* via the breakdown of acidic phospholipids and the release of inositol
phosphates (Broekman, 1984). Alternatively, the depolarization of the B 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 Ca’>* influx
through calcium channels.

Another effect of glucose metabolism is to yield ATP (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 Ca?* and NADPH in the islet (Hutton ez 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 ATP formation) or blockade of Ca?* availability
using cobalt. Thus, the nutrient-stimulated islet may generate energy, which permits
Ca?* mobilization and consequent activation of typical phospholipases. The basal
(or fuel-deprived) islet may depend on a second, Ca®*- 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 A, or transacylase coupled with lysophospholipase activity (Abe
etal., 1974). Other atypical lipases (triglyceride lipase or a lysosomal phospholipase
A5) 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 LTB,
(but decreased LTC,) production. In the pig thyroid, provision of phosphoenol-
pyruvate and pyruvate kinase promotes arachidonic acid release (Haye ez 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 12-HETE response to high
glucose concentrations.) However, high levels of glucose apparently can directly
inhibit lipoxygenase (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 ATP needed for reesterification of AA, or it may represent
a nonspecific noxious 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 (MDCK) Cells
by Prostaglandins

SUZANNE K. BECKNER and MICHAEL C. LIN

1. INTRODUCTION

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 cooxidation plays a role in tumor initiation
and promotion (Marnett, 1981; Fischer and Slaga, 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 ez al., 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 ez
al., 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 al., 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



PROSTAGLANDINS AND KIDNEY CELL DIFFERENTIATION 17

required for the development of responsiveness to another hormone. In erythroleu-
kemic cells, the appearance of B-adrenergic receptors precedes the induction of
other functions (Lin and Lin, 1979). The synergistic effects of (-agonists and
erythropoietin on the maturation of bone marrow cells (Brown and Adamson, 1977)
support the significance of the early appearance of B-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-L1 cells (Rubin ez al., 1977)
and vasopressin receptors in LLC-PK kidney cells (Roy et al., 1980). The ap-
pearance of B-adrenergic receptors in rat lung is modulated by T, (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 [3-
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 ez 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 examine various questions concerning
the biochemical regulation of differentiation.

1.3. The MDCK Cell Model System

The MDCK cells were established in 1958 by Madin and Darby (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 MDCK 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 adenylate cyclase of MDCK cells is responsive to a number of hormones
(Rindler et al., 1979), including glucagon, vasopressin, prostaglandin E,, and B-
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 adenylate
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 PGE,; is much greater, 15- and 25-fold, respectively.

A cloned line of MDCK cells transformed with Harvey sarcoma virus (Scolnick
et al., 1976) has also been established. Transformed MDCK cells have a more
fibroblastic morphology, and p21, the ras oncogene product (Shih et al., 1980),
has been demonstrated to be associated with the inner plasma membrane of MDCK
cells (Willingham et al., 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,; and isoproterenol are still evident.

It is possible to grow both normal and transformed MDCK cells in a totally
defined medium (Taub et al., 1979) consisting of 50% Dulbecco’s minimum es-
sential medium, 50% Hams F12 medium, 10 mM HEPES, 5 pg/ml insulin, 5 pg/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 MDCK CELL DIFFERENTIATION

It is possible to induce transformed MDCK cells to respond to glucagon (Table
I) by the addition of sodium butyrate (Lin et al., 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 al.,
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 MDCK Cells®

Glucagon Vasopressin Isoproterenol PGE,
Normal 6 8 15 29
Transformed 1 3 16 37
Induced 5 4 10 18

@ Normal or transformed MDCK 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 er 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 transformed MDCK cells by butyrate differs from that of the parental line (Beck-
ner et al., 1985) in that the K, for glucagon activation of adenylate cyclase is
tenfold higher than that of the parental line (100 nM vs. 10 nM). Whether this
represents a receptor defect or an alteration in the adenylate 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 transformed MDCK cells permits
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 (1.8-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, 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 K, for glucagon activation of adenylate cyclase
in the spontaneously sensitive cells also confirms that such hormone responsiveness
does not reflect a reversion to the normal phenotype.

2.1.2. Prostaglandin Production by MDCK Cells

In addition to responding to a variety of hormones, 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 transformed MDCK cells produce only
1-2% of the amount of PGE, and PGF,, as the parental line under identical culture
conditions (Lin er al., 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 (% 10%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

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

PGE, synthetase. This suggested that endogenous prostaglandin production might
be involved in the expression of glucagon sensitivity by MDCK 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
PGE,, but not PGF,,, was evident. The production of PGE, varied from 0.3 to
19.8 pmol/dish per 3 days, and in every case, as the production of PGE, 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 PGE, in transformed MDCK cells, it did not consistently inhibit the
appearance of glucagon sensitivity. Similarly, bradykinin was shown to enhance
the production of PGE, but did not induce glucagon sensitivity. For example,
bradykinin caused only a twofold increase in endogenous PGE, production of
transformed MDCK cells, which is still well below the amount of PGE, produced
by parental MDCK 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 MDCK 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 MDCK 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 PGE, and
PGF,, 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

® PARENTAL

SPONTANEOUS

INDUCED

FOLD ACTIVATION BY GLUCAGON

10°

GLUCAGON (M)

FIGURE 1. Dose-response curve to glucagon by normal, spontaneously glucagon sensitive
transformed, and butyrate induced transformed MDCK cells. Normal cells were cultured in
defined medium for 3 days. Transformed MDCK 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 Ill. Correlation of Glucagon Sensitivity with Endogenous
Prostaglandin Production?

Expt. Pass. PGE; PGF,,
no. no. Glucagon sensitivity (pmol/dish) (pmol/dish)
1 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

¢ Transformed MDCK 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 determined as described in Table I. The amount of PGE, and PGF,, in the medium at the time of
measurement of glucagon sensitivity was determined by radioimmunoassay.

cells is sufficient to induce glucagon responsiveness in transformed MDCK cells.
There was no increase in the spontaneous glucagon sensitivity of transformed MDCK
cells that were cocultured with NRK cells compared to transformed MDCK cells
cultured alone. The maximal final concentration of PGE, in the medium of either
normal 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 transformed 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 transformed MDCK cells was examined. Such an approach eliminates
the problems associated with long-term culture described above.

2.2.1. Characterization of Induction by Prostaglandins

Induction of glucagon sensitivity of transformed MDCK cells was most ef-
fective with PGE, and PGE,, whose effects on transformed 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
PGE,, whereas higher concentrations were less effective. Whether this lack of
induction with higher concentrations reflects a sort of desensitization is unknown.
As before, the K, 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 PGI, (Table 1V).
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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 activation) than any other
prostaglandin (Table IV). Prostaglandin B, (sixfold) and PGI, (threefold) also mod-
estly increased cCAMP production. The concentration range over which prostaglan-
dins of the E series increase intracellular cAMP is 10 nM to 1 pM (Fig. 2),
suggesting a role for cAMP in the induction process. Although PGI, has a modest
effect on cAMP levels as well as induction, PGB, 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 PGB, 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 MDCK cells were incubated in defined medium with the indicated concentration of PGE,
for 3 days, and glucagon sensitivity was determined as in Table | (0 —— ©). The cAMP respon-
siveness of parallel uninduced cells to the indicated concentration of PGE, was measured as
in Table | (e — — ),
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TABLE IV. Effect of PGs on Induction and Cyclic AMP levels®

Cyclic AMP
Glucagon sensitivity (pmol/10¢ cells per 3 min)
Control 1.0 9.0
PGE, 2.2 101.1
PGE, 43 109.8
PGF,, 1.4 9.0
PGA, 1.5 28.8
PGB, 1.0 14.4
PGB, 1.0 54.0
PGI, 25 27.0

2 Transformed MDCK cells were induced by treatment with the indicated prostaglandin (100
nM) in defined medium for 5 days, and glucagon sensitivity was measured as described in
Table I. The cAMP responsiveness to the various prostaglandins was determined in unin-
duced cultures as in Table 1.

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 er al. (1982), although the identity of a
specific inhibitor of MDCK cell differentiation remains to be determined.

Induction of glucagon sensitivity by any agent can also be inhibited by high
concentrations of cCAMP. For example, as seen in Table VI, 600 pM 8-Br-cAMP
decreases the glucagon sensitivity induced by butyrate from 2.4- to 1.5-fold. This
result may explain why concentrations of PGE,; 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 MDCK
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 Serum?

Glucagon sensitivity
(fold activation)

Control 1.0
PGE, 9.5
+ 0.05% FBS 2.5
+ 0.20% FBS 1.0

¢ Transtormed MDCK cells were induced for 5 days 1n
defined medum with or without {control) 100 nM PGE,
and fetal bovine serum. and glucagon sensitivity was
determined as in Table I. There was no effect of FBS
alone on glucagon sensitivity.

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, TPA 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 Induction®

Glucagon sensitivity

Control 1.1
Butyrate 2.4
+ 50 pM cAMP 2.3
+ 150 pM cAMP 2.1
+ 600 uM cAMP 1.5

¢ Transformed MDCK 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 determined as in Table I.
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TABLE VII. Inhibition of PGE, Induction

by TPA
Glucagon sensitivity
Control 1.0
PGE, 6.5
+ 0.1 nM TPA 1.2
+ 2.0 nM TPA 1.3
+ 50 nM TPA 1.1
+ 50 nM 4-a-PDD 4.3

4 Transformed MDCK cells were induced with PGE,; in defined
medium (100 nM) for 5 days in the presence or absence of the
indicated concentration of TPA or 4a-PDD. 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 (M1) established
from a mouse myelogenous leukemia (Ichikawa, 1969). Similarly, PGE, 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 HL.60 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-L1 system, which differentiates into adipocytes, inhibitors of prostaglandin
synthesis accelerate adipose conversion (Williams and Polakis, 1977), specifically
by reducing levels of PGI, (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 PGF,, (Negrel ef 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 PGE, produced by transformed MDCK cells would
exceed 1 nM, which is less than 10% of the concentration of PGE, 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 (IOP) and have been implicated
in both physiological and pathophysiological aspects of IOP 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 PGE, release. The principal product of [1—'*CJPGH, metabolism and
{1 —'¥C]Jarachidonic acid metabolism was PGE,. Immunoreactive PGE, was re-
leased in excess of immunoreactive 6-keto-PGF;, during 15-min incubations in
phosphate-buffered saline. Incubation wth indomethacin (5 M) for 20 min sub-
stantially reduced (80-85% inhibition) PGE, formation from AA. Overnight in-
cubation with dexamethasone (IDsp = 3.3 X 10~° M) inhibited basal and A23187-
stimulated PGE, release. The effects of dexamethasone on PGE, synthesis and
release could be prevented by pretreatment of the HTM cells with 2 wg/ml cyclo-
heximide. A23187 (10°°-10~° M) elicited a significant (P < 0.05 compared to
control) increase in PGE, 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 (IOP), 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 IOP. 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 play a role in increased IOP. 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 IOP 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 A*-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 SB- and Sa-dihydrocortisol. Recent studies
(Weinstein et al., 1983; Southren et al., 1984) have demonstrated a potentiation
of the glucocorticoid effects in the rabbit by 5B-dihydrocortisol and suggest that
this metabolite may be important in the etiology of POAG.

The precise mechanism of the glucocorticoid effects on IOP 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 IOP (Waitzman and King, 1967), although use
of lower doses in other species (cat and monkey) can elicit a reduction in IOP (Stern
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 e al., 1973; Peyman et al., 1979). Weinreb et al., (1983) recently reported
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release of immunoreactive PGE, by cultured human trabecular meshwork cells and
the inhibition of PGE, release by dexamethasone.

In the present study we examined (1) the metabolism of [1 — '*CJarachidonic
acid by cultured human trabecular meshwork (HTM) cells, (2) release of PGE, and
6-keto PGF,, by HTM cells, and (3) the effects of cortisol and dexamethasone on
basal and A23187-stimulated PGE, synthesis by HTM cells.

3. METHODS

3.1. Celi 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 et
al., 1983) in Dulbecco’s modified Eagle’s medium (DME) supplemented with 10%
fetal calf serum (FCS). Cells used in this study were from the third through sixth
passages.

3.2. [**C]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 1 ml of 37°C
phosphate-buffered saline (PBS), pH 7.4. The cells were incubated 2 hr with 4
pCi of [1— '*CJarachidonic acid (AA) in DME 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 (15:2: 1), and the organic phase was
evaporated in vacuo. The residue was resuspended in 50 pl 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 comigration with authentic standards.

3.3. Prostaglandin Release

Confluent HTM cells were fed 24 hr prior to experiments. Cells were washed
twice with 1 ml of PBS (23°C) and preincubated 15 min with PBS followed by a
15-min incubation with or without the Ca?* ionophore A23187. Release of PGE,
and 6-keto PGF;, was quantified by radioimmunoassay using Seragen antisera
against PGE, and Cappel Industries anti-6-keto-PFG,,, as described in earlier pub-
lications (Gerritsen and Cheli, 1983; Rodrigues and Gerritsen, 1984).
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3.4. Steroid Treatment

Confluent HTM cells were fed 24 hr prior to experiments. Cells were washed
twice with 1 ml of PBS and then incubated 12—14 hr with DMEM containing 1%
dialyzed FCS with or without steroids at 37°C, 5% CO, in air. After this culture
medium was removed, the cells were washed with 1 ml of PBS, preincubated 15
min with PBS (23°C), and then challenged with 5 pg/ml A23187. The PGE;, 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-'*C]larachidonic acid metabolism by intact HTM cells
comigrated with authentic PGE,, with minor amounts of 6-keto-PGF,,, PGF,,, and
PGD, formed (Fig. 1). Formation of all products was substantially reduced (80-85%
inhibition) by preincubation with 5 uM indomethacin prior to addition of arachidonic
acid. The HTM cells exhibited comparatively high conversion of [1 —*C]AA to
products compared to neighboring scleral fibroblasts isolated from the same eyes
(Fig. 1) and to other cultured cells such as endothelial cells (Baenziger et al., 1979).
The radioimmunassay data (Table I) indicated that PGE, was released in excess of
6-keto-PGF,, during a 15-min incubation with PBS. Similar results were obtained
with two other HTM cell lines derived from different primary cultures.

The Ca®* ionophore A23187 elicited a dose-dependent stimulation of PGE,
release (Table II). A 12-hr pretreatment with dexamethasone inhibited total PGE,
release into the growth medium (Fig. 2a), as well as inhibiting basal (PBS) (Fig.
2b) and A23187 (Fig. 2¢) -stimulated PGE, release. These effects of dexamethasone
were not observed in cells pretreated with 2 pg/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 107°~107® 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 PGE,. The release of PGE, can be augmented by addition of exogenous
arachidonic acid or by incubation with A23187. Much smaller amounts of 6-keto-
PGF,,, the stable hydrolysis product of PGI,, are also elaborated by the HTM cells.

Synthesis of PGE, 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 PGE, release. In contrast, the effect of cortisol
was mixed, enhancing basal and stimulated PGE, release at low concentrations
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FIGURE 1. [**C]Arachidonic acid metabolism by human trabecular meshwork (HTM) cells (top)
and scleral fibroblasts (HSF) (bottom). The major product produced by both cell types was PGE-.
Representative radiochromatograms are drawn on the same scale.
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TABLE |. Release of Immunoreactive PGE, and 6-Keto-
PGF,, by Human Trabecular Meshwork (HTM) and Scleral
Fibroblast (HSN) Cells Obtained from Different Patients?

Cell line 6-Keto-PGF,,, PGE,
HTM 54 0.05 = 0.01 72 =34
HTM 61A 0.08 + 0.02 54 + 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 23°C in air. Values (ng/well) are expressed
as the means of six observations, each determined in duplicate, * standard error
of the mean.

(<1078 M) and inhibiting PGE; release at higher doses (i.e., >107% M). The effects
of dexamethasone were prevented by treatment of cycloheximide, suggesting the
requirement for protein synthesis in the dexamethasone effect.

The significance of PGE, synthesis in the HTM cell is unknown. However,
in view of the stimulatory actions of PGE, 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 PGE; on transport/secretory
functions of trabecular meshwork cells.

TABLE Il. Release of Immunoreactive PGE, by
HTM-54 Cells: Effects of A23187

Dose of A23187 (uM) PGE, (ng/well per 15 min)”
1 26 0.3
5 6.6 * 1.1°
10 239 + 6.5°

< Basal (PBS) levels of PGE, were 3.2 + 1.5 ng/well per 15 min.
® Significantly different (P < 0.05 ANOVA; n = 4) compared to con-
trol. Each well contains cells equivalent to 350-410 g protein.

TABLE llI. 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 control®
1012 6 93.8 + 4.6
o 6 94.0 = 2.8
10710 8 94.1 = 9.2
10°° 8 119.0 = 11.6
10°8 17 163.2 = 14.3%
1077 15 83.6 = 94
106 9 41.0 = 8.8°

“ Data are expressed as percent of control (no cortisol) for each experiment + S.E.M.
® Significant increase or decrease over control (100%) (P < 0.05, ANOVA).
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The biphasic effect of cortisol on PGE, 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

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,/G, 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 al., 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 PGI, synthesis
via effects on a Ca”" -sensitive phospholipase that liberates arachidonic acid from
the membrane phospholipids (Shier and Durkin, 1982). Prostacyclin (PGI,) is the
most potent vasodilator and platelet inhibitor thus far identified. The biological
activity of PGI, 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 ez 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 PGE, 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 PGI, synthesis. The
PGI,, through elevations in cAMP levels, could, in turn, inhibit DNA synthesis.
In the present studies, we investigated the effects of PGI, and elevations in cAMP
on DNA synthesis in vascular smooth muscle cells.

2. METHODS

2.1. Reagents

Prostacyclin and prostaglandin E; were generously provided by the Upjohn
Co., Kalamazoo, MI. 8-Bromo-cAMP, dibutyryl cAMP, 1-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-10 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% Co, : 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 [*H]thymidine (1 pCi/ml) (1 mCi/ml, Amersham
Searle, Arlington Heights, IL) was supplemented to the cells for an additional 24-
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hr labeling period. In order to assess [*H]thymidine 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
[*H]thymidine incorporation.

For measurement of cellular protein, cells were extracted with 0.2% SDS
following the tris-buffered saline wash step. Protein was determined by fluorometric
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 1 x 10° 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 1-methy!-3-isobu-
tylxanthine and PGI, 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 al. (1972) with
the inclusion of the acetylation modification as described by Harper and Brooker
(1975).

3. RESULTS
3.1. Effect of Exogenous PGl, on DNA Synthesis

In order to evaluate whether PGI, could play a physiological role in regulation
of DNA synthesis in vascular smooth muscle cells, the effect of adding PGI, to
growing cells was determined. Cells were sparsely plated as described in Section
2.2, and PGI, was added from a 50 mM tris-HCI, pH 9.0, buffer in the presence
of 100 pM 1-methyl-3-isobutylxanthine. As shown in Fig. 1, exogenous PGI,
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 PGI, was calculated to be 10 ng/ml (28 nM). The actual values
for [*H]thymidine incorporation are shown in Table I.

3.2. Effect of Exogenous PGE; 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 PGl, were added in the presence
of 100 uM IBMX. After a 24-hr incubation, [*H]thymidine (1 pn.Ci/ml) was added. [*H]Thymidine
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 uM 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 uM IBMX, it also blocked
serum-stimulated DNA synthesis. The maximal effect of PGE; was to completely
inhibit DNA synthesis, and the K; was calculated to be 20 pM.

3.3. Effect of cCAMP 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

TABLE I. Effect of PGl, and PGE; on DNA Synthesis®

[*H]Thymidine incorporation Inhibition
Additions (cpm/g protein) (%)
None 1.6 x 10° —
IBMX 1.1 x 10° 30
IBMX + PGI, 5.6 x 10® 50
IBMX + PGI, 33 x 108 70

2 DNA synthesis was assayed as described in Fig. 1. The concentration of IBMX was 100 uM, PGI; 20 ng/ml, and
PGE, 100 uM. 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 100 wM IBMX. Data are expressed
as percentages of control, where control is serum-stimulated DNA synthesis in the presence of
100 pM 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 uM, whereas the K, for dibutyryl cAMP was calculated to be
50 wM. 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 uM (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 uM. 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 PGl Inhibition of
DNA Synthesis

The above findings support the contention that PGI, 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 PGI, has its effects
on DNA synthesis via effects on cAMP, then if the ability of PGI, 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 PGI, 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-10 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 PGl, were added in the presence of 100 uM IBMX
or in the presence of 100 uM IBMX plus 100 uM 2',5'-dideoxyadenosine. Data are expresed
as percentages of control, where control is serum-stimulated DNA synthesis in the presence of
100 pM 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 [*H]thymidine incorporation (i.e., cells were subcultured at the
same density and were incubated with PGI, 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 PGI, (30 nM plus IBMX). The data in
Fig. 5 suggest that there may be an inverse relationship between the effects of PGI,
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 PGI, 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 cCAMP 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 pM IBMX;
PGl, (20 ng/ml) was also added in
the presence of 100 pM IBMX.
Values represent mean +S.E.M.
from four separate determinations.
Cyclic AMP () was determined by
radioimmunoassay as described
in the text.

forskolin, or by the potent phosphodiesterase inhibitor 1-methyl-3-isobutylxanthine,
DNA synthesis was always inhibited. These studies are the first demonstration that
the potent vasodilatory and antiplatelet agent PGI, may also regulate vascular cell
proliferation.

Further evidence that PGI, exerts its effects on DNA synthesis via an elevation
in cAMP was provided by experiments using 2',5’-dideoxyadenosine. These studies
attempted to dissociate PGI, effects on DNA synthesis from PGI, effects on cAMP
elevation. It appeared that the two could not be separated, since PGI, had no effect
on DNA synthesis when added to cells in the presence of DDA. The final evidence
that PGI, inhibited DNA synthesis via effects on cAMP was provided by actual
measurements of cAMP. These data indicated that PGI, 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 PGI, (i.e., approximately 5 min at pH 7.45). However, all experiments
with PGI, were done in the presence of the phosphodiesterase inhibitor IBMX.
Thus, although PGI, was rapidly degraded and had its effects on adenylate 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 PGl, was found to be less potent than PGE, in inhibiting DNA
synthesis (i.e., 30% inhibition versus 50% inhibition) is its short biological half-
life.

Regardless of the absolute magnitude of inhibition, PGI, 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 ez 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 al., 1975; Pastan et al., 1975). On the other hand,
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recent studies by Franks et al. (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 PGI, 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 (Schuldiner and Roz-
engurt, 1982; Moolenaar et al., 1983; Mix et al., 1984), has been shown to be
activated by many mitogens [e.g., PDGF (Rozengurt and Mendoza, 1980; Cassel
et al., 1983; Owen, 1984)], and, finally, has been suggested to be a trigger for
DNA synthesis (Rozengurt and Mendoza, 1980; Schuldiner and Rozengurt, 1982;
Owen and Villereal, 1982). This Na*/H™* exchange system is present in A-10
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 Ca®>* 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 turn, 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 Ca®* sequestration system as has been
proposed for other cell types (Haslam et al., 1979; Owen and Le Breton, 1981).
If this were the case, cCAMP would effectively decrease intracellular Ca?* levels
and inhibit Na*/H* exchange. Certainly, cCAMP could have its effects entirely
independent of Ca?* as well.

Although the temporal and molecular mechanism of PGI, 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 al., 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 PGI, 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

Several workers have shown that decreases in the radioactivity of phosphatidyli-
nositol (PI) and phosphatidylcholine (PC) occur when platelets prelabeled 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 Pl-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 A,, 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 A, on phospha-
tidylethanolamine.

There is presently some controversy over the relative importance of the above
two pathways in contributing arachidonic acid for thromboxane A, formation by
platelets. Some workers argue that the degradation of PI is more important since
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Research, Temple Medical School, Philadelphia, Pennsylvania 19140. G.M. was on academic leave
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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 A, 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 A,
pathway is the fact that increases in LPC and LPE have been detected in platelets
within 10 sec of the addition of thrombin (McKean et al., 1981; Broekman et al.,
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-P,) 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 [*H]arachidonic acid and
[**Plorthophosphate to determine the migration of radioactive compounds in the
solvent systems described below.

The gel-filtered platelets (1 X 107 cells/ml) were warmed at 37°C for 3 min
and either extracted directly or stimulated with 5§ U/ml thrombin for times up to 1
min without stirring. In some experiments the cells were preincubated with 36 uM
BW?755C 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

Human blood in ACD

Gel-filtered platelets

(1.10%mn "acidic®
Platelet-rich plasma | Bligh and Dyer
extracti
l Thrombin § {U/mi fon
Platelet pellet j
| TLC
resuspend in 1/10 vol /‘% 54\
of ""as"“ PI PI-P PA DG Fatty acids
PC Pl-
Label with 3H-AA | 'lpz ’
32
and “P0O4 Na methoxide Na methoxide  Sulfuric methanol

! 7

Methylated fatty acids
|
GLC
+
flame ionization detection

Sepharose 2B

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 N, at 37°C and then stored in chloroform/methanol
at —18°C. All of the organic solvents contained butylated hydroxytoluene (50
pg/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, 81/10/45/1
by volume, for the resolution of PI; (2) chloroform/methanol/4 N ammonia, 9/7/2
by volume, for the resolution of PI-P and PI-P,; (3) the upper phase of ethyl
acetate/isooctane/acetic acid/water, 90/50/20/100 by volume, for PA; and (4) chlo-
roform/methanol/hydrochloric 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 pg 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 N,, and redissolved in 50 ul of carbon
disulfide.

Gas-liquid chromatography was performed in a Hewlett-Packard chromato-
graph model 5730A fitted with 6-foot by 1/8-inch glass columns containing 10%
SP-2330 on 100/200 Chromosorb W AW (Supelco, Bellafonte, 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/10° 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 P1 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 nmol/10° cells.

We also observed that platelets contain small amounts of both PI-P and PI-
P,, amounting to 3.0 and 1.0 nmol/10° cells, respectively. These lipids also were
enriched in stearic and arachidonic acids (76.9% of PI-P and 85.4% of PI-P,
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/10° platelets, and although there was a similar decrease in PI-P, at 5 sec, the
mass of this lipid actually increased by 0.4 nmol/10° 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/10° cells, whereas stimulated platelets contained 1.2 nmol/10°
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/10° cells.

Phosphatidic acid increased progressively from a basal level of about 1 nmol/10°
cells to about 4 nmol/10° 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-P, are small, and the major changes
observed are a decrease in Pl 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/10°
cells) at 11.72 min. There also are small increases (of the order of 2 to 4 nmol/10°
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/10° 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/10°
platelets of the decrease in PI is unexplained and could provide arachidonic acid
for thromboxane formation. On the other hand, 20-30 nmol/10° 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 confirmh and extend the observations of Broekman et al. (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 A, 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 |. Decreases in Pl and Increases in
PA and Diacylglycerol (Recycled) Measured
in a Single Triplicate Determination

Change
(nmol/10° platelets)
PI decrease 6.35
Recycled 2.5
Released AA 3.8 (12.7-19.0%)

Total AA production 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 A,.
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RICHARD J. ULEVITCH

1. CONTROL OF ARACHIDONIC ACID PRODUCTION

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. 1. 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
A, phospholipase A,, or phospholipase C. The phospholipase A, route would be
the simplest and most direct source of arachidonic acid. The second route would
begin with a phospholipase A, 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 er al.,
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2 U 2 | FIGURE 1. Site of action of the phospholipases.
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X
]\ | & group—the most common are choline, ethanol-
C o_ D amine, serine, inositol, and glycerol. (Repro-

duced with permission from Dennis, 1983.)

1979; Billah et al., 1981; Kroner et al., 1982; Lanni and Franson, 1981; Wightman
et al., 1981a,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,

U’SO
My, R -E Plase
a3 ']L 2
Ry PLASE A Ry yso PLASED
=, 2 A
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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

Harvested Cells

125. WGA
N; Cavitation

600 PSI, 4°, 15 min,

Crude Homaogenate 1

J][J[J[J x G
Low Speed Supernatant 1 Low Speed Pellet 1
(LS-1) (LP-1)
* lResuspend, N; Cavitation
12-52% Sucrose Crude Homogenate 2
60 min.
Collect Gradient Fractions
(1.4 ml{Fraction)
Low Speed Supernatant 2 Low Speed Pellet 2
(LS-2) (LP-2)

FIGURE 3. Subcellular fractionation of P388D, macrophages. The cells were nitrogen cavitated
at 600 p.s.i. following surface labeling with ['®I]WGA. The resultant crude homogenate was
centrifuged at 1000 x g to produce LS-2 and LP-1. LP-1 was resuspended, N; 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.
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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-1)
and a supernatant fraction (LS-1). LP-1 was subjected to further nitrogen cavitation
to produce a supernatant fraction (LS-2). Both LS-1 and LS-2 were subjected to
subcellular fractionation on sucrose gradients.

LS-1 contains a Ca?* -independent phospholipase that exhibits much less ac-
tivity in the presence of Ca?*. LP-1 contains a very active Ca®*-dependent phos-
pholipase that exhibits very little activity in the absence of Ca’*. The Ca’* de-
pendence of the phospholipase in LP-1 is absolute, whereas the Ca®*-independent
enzyme that predominates in LS-1 may be slightly inhibited by high Ca** con-
centrations. The Ca?*-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 Ca?*
dependence of the LS-2 enzyme is similar to that assayed in the LP-1 fraction and
appears to be specific for Ca?* . For example, Mg?* will not replace it. The pH-rate
profiles of LS-1 and LS-2 reveal that LS-1 contains a Ca®*-independent pH 7.5
optimum phospholipase and also contains a pH 4.2 optimum Ca’*-independent
enzyme. LS-2, on the other hand, contains a pH 8.8 optimum Ca®”*-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-1, which contains the majority of the Ca?*-independent pH 7.5 enzyme,
and a low-speed supernatant 2 (LS-2), which contains the majority of the Ca®*-
dependent pH 8.8 optimum enzymes. Both fractions contain the pH 4.2 optimum
Ca®*-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 Ca?*-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 Ca”*-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 LYSOPHOSPHOLIPASES

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 A,. However, fatty acid could also be released by
the combined action of a phospholipase A, and a lysophospholipase, as shown in
Fig. 4. Furthermore, we have identified a very active lysophospholipase in the cell



PHOSPHOLIPASES IN THE MACROPHAGE 217

FIGURE 4. Products of phospholipases A, and A; and phospholipases L, and L, (also called
lysophospholipase A; and A, respectively). Possible nonenzymatic migration between the 1-
acyl and 2-acyl lysophospholipids is shown. (Reproduced with permission from Dennis, 1983.)

homogenate, and this lends credence to this possibility. The lysophospholipase
enzyme is distributed principally in the 1000 X g supernatant (LS-1). 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 lysophospholipase in LS-1 has a broad pH optimum between pH
6 and pH 9, as shown in Fig. 5. The lysophospholipase apparently does not require
metal ion.

The lysophospholipase in LS-1 is 20 to 40 times more active than the Ca®* -
independent pH 7.5 optimum phospholipase of LS-1 and the Ca”* -dependent pH

TABLE I. Localization of Lysophospholipase Activity in P388D, Cells

Total pellet activity® Total supernatant activity
punits/10° cells % punits/10° cells %
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 lysophospholipase activity. The assay mixture contained
50 mM tris buffer at pH 8.0 and 100 uM 1-palmutoyl-sn-glycerol-3-phosphorylcholine (Sigma) containing a sufficient
quantity of 1-palmitoyl [1-'*C]-sn-glycerol-3-phosphorylcholine (Amersham). The total assay volume was 1.0 ml,
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
chloroform/methanol/acetic acid (2/4/1). 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, resolubihized in 20 ul of chloroform, and spotted on Brinkmann Sil G-25 thin-layer chromatography plates.
The plates were run 1n chloroform/methanol/water (65/25/4). The lysophospholipid and fatty acid spots were scraped
into scintillation vials and counted to determine the amount of lysophospholipid hydrolyzed. One microunit of activity
is defined as the amount of protein required to hydrolyze 1 pmol of substrate per minute.

® Percent of activity found in the whole homogenate.
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FIGURE 5. Rate of lysophospholipid hydrolysis by lysophospholipase in LS-1 as a function of
pH. The buffers used were (0) acetate, (®) imidazole, (O) tris-HCl, and (m) glycine. Assay
conditions are the same as those employed in the experiment described in Table |. 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 A, or A, would be rapidly converted to free
fatty acid and glycerolphosphorylcholine. Thus, the release of ['“C]-labeled fatty
acid at pH 7.5 and 8.8 could result from either a phospholipase A, or the combined
action of a phospholipase A, and lysophospholipase. At pH 4.2, the phospholipase
was identified by the production of lysophospholipids labeled in the palmitic acid
with very little free ['*C]-labeled fatty acid being produced. This is indicative of a
phospholipase A, as the predominant enzyme at pH 4.2.

4. CONCLUSION

We have begun the separation and characterization of the various phospholi-
pases that could play a role in arachidonic acid release in the P388D; 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 al., 1983; Jarvis et al., 1984). These
membranes also contain a lysophospholipase that is 2040 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), cells contain a number of phospholipases:
a pH 4.2 optimal Ca™*2-independent enzyme, which is probably a phospholipase
A,, a pH 7.5 optimal Ca*2-independent enzyme, and a pH 8.8 Ca®*-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, would produce labeled lysophospholipid, whereas a phospholipase
A, 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 al., 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,, PGE,, and PGF,, in
several different organs despite maintaining stable or even supranormal levels of
AA and dihomo-vy-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 Bodies?

Mast cells®< Pericytes®

Macrophages® Gastrointestinal Smooth muscle cells?
Neutrophils® Cardiac muscle cells®

Eosinophils®< Chondroblasts®

Basophils®© Hepatocytes®

Lymphocytes® Adrenal cortical cells®

Plasma cells® Ciliated epithelial cells of bronchioles”
Platelets® Absorptive epithelial cells of ileum®
Vascular endothelial cells® Many carcinomas®©

Vascular smooth muscle cells®* Many sarcomas®

Fibroblasts® Many lymphomas®

¢ A partial list based on the personal experience of A.M.D.
® 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 cytopiasmic 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 um. (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
rm. (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 « granules. Scale bar = 1.0 um.

ucts derived from exogenous [*H]lipid precursors. For example, Dvorak ez al. (1980)
showed by ultrastructural autoradiography that guinea pig peritoneal macrophages
incorporated [*H]palmitic acid, [*H]methylcholine, or [*H]myoinositol predomi-
nantly into cytoplasmic lipid bodies. More recently, we have used a similar approach
to define the subcellular distribution of [*H]species derived from exogenous [*H]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 [PHJAA or other [*H]fatty 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 [*H]AA, [*H]palmitic acid, or [*H]oleic 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 [*H]arachidonic acid in vitro. The incorporated °H 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 pm.

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 [PHJAA in that [*H]palmitic
acid or [*H]oleic acid also heav ly labeled these structures. The intensity of overall
labeling as judged by autoradiography was [PHJAA = [*H]palmitic acid > [*H]oleic
acid. Labeling of lipid bodies did not occur if cells were fixed in glutaralde-
hyde—paraformaldehyde before exposure to [PHJAA, and only slight labeling was
observed in cells cultured with [*H]AA in 4°C. These findings paralleled isotope
incorporation data and suggest that the [*HJAA uptake observed at 37°C under
standard culture conditions requires cellular metabolic activity.

Human macrophages also incorporated substantial [*H]AA during overnight
culture. As in human mast cells, *H label was concentrated predominatly 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 *H 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 autoradiograph of a macrophage purified from human lung
and then incubated with [*H]AA 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 um. Insets show labeled lipid bodies
at higher magnification. Scale bar = 0.1 pm. In the top inset, note the intimate relationship of
the lipid body to intermediate filaments. (Reprinted from Dvorak et al., 1983a, with permission.)



228 STEPHEN J. GALLI et al.

FIGURE 6. Electron microscopic autoradiograph of a ciliated respiratory epithelial cell contam-
inating a macrophage preparation purified from human lung and incubated with [*H]JAA in vitro.
Four lipid bodies are labeled with silver grains. Scale bar = 0.5 um.

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 [*H]AA or [*H]palmitate in vitro, the cytoplasmic
lipid bodies of such macrophages contained the bulk of incorporated *H by auto-
radiography (Fig. 7). Like human lung macrophages, these cells also appeared to
incorporate [*H]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
[*H]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 [*H]AA. As with human mast cells, exposure of peri-
toneal cells to [PHJAA 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 [*H]lipid precursors, incubation of
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FIGURE 7. Electron microscopic autoradiographs of mouse resident peritoneal macrophages
(A,B) incubated with [°H]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 um.
(Reprinted from Dvorak et al., 1983a, with permission.)

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

Taken together, our autoradiographic findings indicate that a variety of cell
types containing lipid bodies concentrate [*H]lipid precursors, including [*H]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 *H label in the living cells? Two different findings suggest that
autoradiography provides a valid picture of the localization of the *H label in vivo.
First, we determined to what extent amounts of [*H]AA-labeled 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 [*H]AA-labeled 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 al., 1983a). Approximately half of the
radioactivity lost in processing was removed during the osmium postfixation step,
and only 25% of this *H 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 H label derived from [PHJAA 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 C57BL/6 mouse or the spleen of a normal BALB/c mouse as previously
described (Nabel er al., 1981; Galli et al., 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 al., 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 [*H]lipid precur-
sors. Both cell lines actively incorporated [*H]AA or [*H]oleic acid in vitro (Figs.
8, 9). Autoradiography localized *H 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 [PH]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 *H labeling of cytoplasmic
structures other than lipid bodies.

Although it appears likely that autoradiography accurately identifies the sub-
cellular localization of label derived from [*H]AA and other [*H]lipid precursors,
this approach obviously cannot reveal the species of [*H]products present. However,
preliminary information about the composition of lipid bodies has been obtained
by combining autoradiography with biochemical analysis of *H-labeled cells. These
studies suggest that the [®H]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 [PH]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 al., 1982). After incubation with [3H]AA for ~18 hr, large
numbers of silver grains appear over the cytoplasm of the cells, which lack lipid bodies. Scale
bar = 2.0 um.

revealed that *H was distributed predominantly in neutral lipids (68-80%) with
smaller amounts in phospholipids (14-27%). By contrast, the [*H]lipids synthesized
by 95% pure populations of mouse peritoneal macrophages included ~80% phos-
pholipids and only 16.5% neutral lipids (Dvorak et al., 1983a). Although these
results reflect the [*H]lipid composition of the entire cells, the autoradiographic
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FIGURE 9. Electron microscopic autoradiograph of cultured mouse mast cells derived from
normal C57BL/6 mouse bone marrow (A) or normal BALB/c spleen cells (B) and maintained as
previously described (Galli et al., 1982). After labeling with [BH]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 um.

evidence presented above suggests that lipid bodies accounted for a major portion
of the [*H]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, [*H]fatty acids or their products (Scott et al., 1982)
may enter lipid bodies directly. Alternatively, some traffic of [*H]fatty acids
into lipid bodies may involve degradation of *H-labeled cellular membranes. By
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FIGURE 9. (Cont.)

whatever route they enter lipid bodies, our data indicate that [*H]species derived
from exogenous [*H]AA can be mobilized from lipid bodies on appropriate
cellular activation. First, phagocytosis of zymosan by mouse macrophages la-
beled with [’H]AA 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 [PH]AA
released substantial amounts of [*H]products in association with phagocytosis
(Table 11). By contrast, zymosan induced little or no release of radioactivity
from macrophages labeled with [*H]palmitic acid (Table II).

The finding that phagocytosis provokes the release of [*H]AA-derived species
to a greater extent than metabolites of [*H]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 [*H]species
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FIGURE 10. Resident mouse peritoneal macrophage exposed to a pulse of [*H]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 um. (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 al., 1981;
Dvorak et al., 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 ez al., 1984). Autoradiograph grain count analysis showed
that lipid bodies represented the major site of intracellular localization of [*H]
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



LIPID BODIES 235

TABLE Il. Incorporation of [°H]Fatty Acids by Mouse Peritoneal Macrophages and
Release of Radioactivity Associated with Zymosan Phagocytosis?

Incorporation Release

Expt. [’H]Fatty acid Zymosan DPM (x 107) Percent DPM (x 10 Percent

1 [HJAA

(0.13 pCi/ml) - 144 + 0.6 344 + 03 0.7 + 0.1 4.8 + 0.4
+ 122 + 0.4 335+ 09 37+02 304+ 1.2

[*HIPA - 47+ 06 146 %05 0.5 + 0.1 102 + 0.6
(0.13 uCi/ml) + 52+07 158 =04 0.4 +004 88 x07

2 [HJAA - 1124 + 150 53.0 +7.0 356 + 3 3.2+ 0.1
(43.1 pCi/ml) + 1039 = 49  49.0 + 2.2 1305 = 5 12.6 + 0.4
PH|PA - 409 * 8 33.5 = 0.5 2 +2 55+ 05
(24.4 pCi/ml) + 229 + 49 240 + 4.0 2 +6 7.6 + 0.9
[*H]AA - 0 0 0 0
(43.1 pCi/ml

after fixation)

4 Macrophages from the peritoneal cavities of mice injected 3 days previously with thioglycollate broth were labeled
with [*H]arachidonic acid (|'H]AA) or [*H]palmitic 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 zymosan (25-40 pg/ml). To quantitate fatty acid incorporation or release, 200-pul
aliquots of culture supernatants or solubihzed adherent cells (0.05% Triton X-100 with scraping) were added to 4
ml of Aquasol for liquid scintllation counting. Reprinted from Dvorak er 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 [*H]JAA, 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 al.,
1984; Dvorak et al., 1984). In addition, degranulation had relatively little effect
on the pattern of mast cell total [*H]lipid content by TLC (Peters et al., 1984;
Dvorak er al., 1984). Because only a small fraction of total cellular [*H]species
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, [*H]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 al., 1983 contains numerous lipid bodies, which
exhibit intense nonspecific esterase activity («-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 pm.

have been largely derived from cytoplasmic lipid bodies, but the relatively small
fraction of total cellular [*H]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 [*H]AA-labeled
cells for electron microscopy resulted in the loss of ~50% of cell-associated
radioactivity (Dvorak et al., 1983a).

Although we feel it is unlikely, we have not formally excluded the possibility
that [*H]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 [*H]lipids from the plasma membrane may not have been detected by
the techniques employed even if this route accounted for all of the [*H]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 [PH]AA showing H localized predominantly to the lipid bodies.
Scale bars = 1.0 pm.

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 al., 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
[*H]molecules in cells incubated with [PH]JAA and other [*H]lipids. 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 *H label derived from
exogenous [*HJAA predominantly into cytoplasmic lipid bodies. The preferential
incorporation of [*H]AA into lipid bodies also can occur during short incubation
periods (14 hr). In addition to entering lipid bodies, current evidence suggests
that |*H]lipids also may be mobilized from [*H]AA-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
B4 on Phosphoinositide Turnover
and Their Relationship to Calcium
Mobilization and Protein Kinase C
Activation
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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 B, 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 B,. Fourth, the exogenous addition of leukotriene B,
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 B,, 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 B, and f-Met-Leu-Phe in the neutrophils, and do these
two stimuli use the same signal to release calcium? Leukotriene B., like f-Met-
Leu-Phe, mobilizes cell calcium and causes an increase in the association of actin
with the cytoskeleton (Yassin et al., 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
B, does not induce a significant metabolic burst (Palmblad et al., 1981). In addition,
as judged by the extent and the slope of the degranulation dose—response curves,
leukotriene B, 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-1,4, 5-tris-
phosphate (IP;) 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 IP; (Michell and Kirk, 1982; Streb ez al., 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 B, and
to examine the mechanism by which leukotriene B, mobilizes calcium. The results
to be reported demonstrate that, unlike f-Met-Leu-Phe, leukotriene B, 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 B, proceeds without the
activation of the phospholipase C pathway.

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

The addition of leukotriene B, 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 EDs, 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~° M) and leukotriene B, (B,
7.2 x 108 M) on the fluorescence of quin-2-loaded rabbit neutrophils. The cells were loaded
with quin-2 as described previously (White et al., 1983), and the fluorescence signal of the
calcium-sensitive probe quin-2 was monitored using an SLM (Model 8000) fluorescence spec-
trophotometer (White et al., 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 B, (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.

RELATIVE FLUORESCENCE
N
O

A

B, and f-Met-Leu-Phe are 1.2 X 107'°Mand 2 X 107'° 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 IP;, is directly receptor linked
and ultimately responsible in turn 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 B, 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
[*H]arachidonic acid instead of 2P (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 (A), following the addition of f-Met-
Leu-Phe (1078 M) and leukotriene B, (7 x 107 M). The cells were labelled with 32P radioactivity
for 1 hr as described previously (Volpi et al., 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 (10° 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 wl of hexane/isopropanol (3 : 2), and 10 pl was used for spotting on precoated
TLC plates, silica gel. The plates were developed in one dimension in chloroform/methanol/20%
methylamine (60 : 36 : 10 v/v).

The ability of leukotriene B, to mobilize calcium in the absence of a breakdown
of TPI, and thus of the generation of IP;, suggests any one of three possibilities.
First, leukotriene B, 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 B, 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 B, or to f-Met-Leu-Phe, and
specific binding sites for leukotriene B, have been demonstrated. Second, leuko-
triene B, could mobilize calcium by the same mechanism as IP; by utilizing common
“receptors.” This is unlikely since leukotriene B, is cell specific whereas IP; is not.
Third, leukotriene B, 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 al., 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 er al., 1984). In addition, leukotriene B, is
known to increase rapidly the intracellular conceatration of cAMP (Claesson, 1982),
an effect potentially mediated through the activation of the “G proteins.”

3. EFFECTS OF LEUKOTRIENE B4, AND f-MET-LEU-PHE ON
THE PRODUCTION OF 1,2-DIACYLGLYCEROL AND THE
RELEASE OF ARACHIDONIC ACID

The breakdown of phosphoinositides by phospholipase C generates 1,2-dia-
cylglycerol (1,2-DG) in addition to IP;. Although IP; 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 al., 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 al., 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 er al., 1983; White et
al., 1984). In order to examine this hypothesis further, we have investigated the
effect of f-Met-Leu-Phe and leukotriene B, 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 B,,
on the other hand, causes no significant change in 1,2-DG. In the case of leukotriene
B, 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 B, to generate 1,2-DG is consistent with its lack of effect on a TPI
breakdown. The ability of leukotriene B, to increase the intracellular concentration
of free calcium without generating significant amounts of 1,2-DG 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 B, and f-Met-Leu-Phe.

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

Stimulus 1,2-Diacylglycerol” Arachidonic acid?
f-Met-Leu-Phe (2 x 10°* M) 1.25 + 0.05 (6) 1.6 =0.1 4)
Leukotriene B4 (7 X 1078 M) 0.97 = 0.02 (8) 1.10 = 0.03 (4)

@ The cells were labeled with [*H]arachidonic 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 r-test).

® 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.

[*H]arachidonic-acid-labeled rabbit neutrophils were also investigated, and the re-
sults are included in Table I. Whereas leukotriene B, 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 B, continues to increase with time. The leukotriene B,-induced
release of arachidonic acid is most likely mediated through the action of phospho-
lipase A,, which has been shown to be stimulated by leukotriene B, (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 er 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 B, 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-



f-MET-LEU-PHE AND LEUKOTRIENE B, 247

8

S | 901 =

o

Z "|7D

) )

%) 69

LJ r el

x ? a
S g 60+ 150
33 SR
v £ L1a <t =
z3 o 8
22 I3 E o
& © 30+ <o
Zc e L o2
I8 N B
Co L, O @
o T
~ o —

41
T T T T T
12 I 10 9 8 7

-LOG [ fMET-LEU-PHE] (M)

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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FIGURE 4. Dose-response curve of the effect of leukotriene B, on phosphatidic acid production
and calcium mobilization as measured by the fluorescence of quin-2. Conditions are the same
as in Fig. 4.
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lowing stimulation by f-Met-Leu-Phe (data not shown). The means (= standard
error) of the EDs, values for calcium mobilization are 1.2 + 0.5 X 107'° M for
leukotriene B, and 2.0 = 0.2 X 107!° M for f-Met-Leu-Phe. Note that, consistent
with the early results, little if any phosphatidic acid can be recovered from the
leukotriene B,-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 B, or even by f-Met-Leu-Phe is mediated through the action of
phosphatidic acid.

5. COMPARISON BETWEEN THE EFFECTS OF LEUKOTRIENE
B, 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 B, do exist.
These differences are very important since, in addition to explaining the action of
leukotriene By, 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 B, and f-Met-Leu-Phe is given in Table II.

TABLE Il. Comparison of Neutrophil Responses and Biochemical Changes
Produced by f-Met-Leu-Phe and Leukotriene B,

Response f-Met-Leu-Phe Leukotriene B,
Chemotaxis Yes Yes
Aggregation Yes Yes®
Degranulation Yes Yes?
Oxygen consumption Yes No
Calcium mobilization Yes Yes
TPI and DPI breakdown Yes No
Generation of 1,2-diacylglycerol Yes No
Generation of phosphatidic acid Yes No
Release of arachidonate Yes Yes”
Activation of Na™ , K™ -ATPase Yes Yes
Activation of phospholipase A, Yes Yes
Increased cAMP Yes Yes
Increased cytoskeletal actin Yes Yes
Phosphorylation by protein kinase C of a 50 K protein Yes ?
Increased Na ™ influx Yes Yes

¢ The action of leukotriene By 1s significantly weaker than that of f-Met-Leu-Phe.
* The change 1s small but significant.
¢ This increase 1s inhibited by amiloride.
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6. SUMMARY

Several important conclusions can be drawn from these studies. First, leu-
kotriene B, causes the release of calcium without stimulating the breakdown of TPI
or the generation of IP;. 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 B, cannot be mediated by phosphatidic acid. Third, arachidonic
acid release by leukotriene B, is secondary to the action of phospholipase A,,
whereas that released by f-Met-Leu-Phe is probably a result of the action of both
phospholipase A, and phospholipase C. Fourth, because leukotriene B, 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 A,.
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Prostaglandylinositol Cyclic
Phosphate

An Antagonist to Cyclic AMP

HEINRICH KARL WASNER

1. INTRODUCTION

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
(Larner, 1979; Jarett, 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 arole 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

HEINRICH KARL WASNER e Diabetes-Forschungsinstitut, Biochemische Abteilung, 4000 Diissel-
dorf 1, West Germany.

251



252 HEINRICH KARL WASNER

and declining thereafter to reach base levels after 15 min. In contrast, cyclic PIP
is almost undetectable in the absence of hormone. Figure 1A 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 ATP, 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 ml. Cyclic PIP also stimulates the phosphoprotein
phosphatase, the enzyme counterregulating the protein kinase. Figure 1B 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 ATP, 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-u.l aliquots of a solution of
purified cyclic PIP. B: Concentration profile of the activation of phosphoprotein phosphatase by
cyclic PIP; 10~ 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 ['*CJATP (A), ['*C]AMP (B), and ['*C]cAMP (C) are shown. B: 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 1077 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 1077
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 [**P]phosphate 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:

1. 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 C,, 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 C,, hydroxyl group, therefore suggesting that the inositol
phosphate is bound to the PGE via its C,s hydroxyl group. This is further supported
by the finding that catalytic hydrogenation of the double bond of PGE, 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 C,
and C, 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 antilipolytic effect in adipocytes
(Steinberg, 1964) and the inhibition of hepatic glucose output (Brass, 1984).
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FIGURE 4. Phosphorylation of phosphorylase b by
phosphorylase kinase in the presence of cAMP-de-
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Regulatory Mechanisms in
Prostacyclin—Blood Vessel
Interactions

BABETTE B. WEKSLER

1. INTRODUCTION

The mechanisms governing prostaglandin production and action in vascular tissue
are steadily becoming clarified. The former concept of a direct balance between
vascular prostacyclin (PGI,) and platelet thromboxane (TxA,) 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, PGI, 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 PGI,. This effect is enhanced by thromboxane synthetase in-
hibitors (Fitzgerald er al., 1983). Prostacyclin affects neutrophil leukocytes by
preventing their aggregation, adhesion to plastic (Boxer et al., 1980), and chemo-
taxis (Weksler er al., 1977) and can inactivate free oxygen radicals produced by
neutrophils (Weksler er al., 1979). Leukotriene C,, synthesized and released by
neutrophils, can stimulate PGI, 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.

al., 1983), PGE, can enhance platelet activation. Interaction between platelets and
neutrophils releases an unusual 12,20-diHETE (Marcus et al., 1984), which causes
leukocyte aggregation. Since vessel wall can also produce 12-HETE (Greenwald
etal., 1979; Salzman et al., 1980), a precursor for 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 PGI, on repeated stimulation by arachidonate
following initial exposure to arachidonate, thrombin, or ionophore A23187 (Broth-
erton and Hoak, 1983). Repeated exposure to PGH,, however, results in non-
diminished production of PGI,, indicating that no inactivation of PGI, 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 PGI, response (Brotherton and
Hoak, 1983). Similar rapid inactivation of cyclooxygenase has been observed in
isolated perfused aortas (Kent et al., 1983) and jugular vein (Hoak et al., 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 PGI, production from arachidonate 1 hr
later, but smooth muscle cells recultured without aspirin show little recovery of
PGI, 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 PGI, 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 52% inhibition of PGI, production, whereas the endothelial surface of the
same venous segments shows no inhibition and produces the same amount of PGI,
as venous segments from nonaspirinated control patients (Weksler er al., 1985).

3. VASCULAR PROSTAGLANDINS AND CHOLESTERYL
ESTER REGULATION

Since circulating levels of vascular PGI, 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 PGI, 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 PGI, of smooth muscle origin reaches the bloodstream,
since removal of endothelium results in a prompt drop in PGI, released at the
luminal surface (Eldor er al., 1981; Goldsmith et al., 1981). After endothelial injury
or removal, the migration of neointimal smooth muscle cells to the vessel surface
soon furnishes PGI; at this site. In the presence of hypercholesterolemia, however,
neointimal PGI, release is blunted (Eldor er al., 1982).

Exploration of the interactions between PGI, and the accumulation of choles-
terol by vascular smooth muscle has led to the observation that PGI, modulates the
biological activity of cholesteryl-ester-metabolizing enzymes. Addition of nano-
molar amounts of PGI, 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 er 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 PGI, 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 adenylate 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 PGI,
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TABLE I. Effects of Prostacyclin on Cholesteryl Ester Hydrolytic Enzymes and
cAMP Levels in Vascular Smooth Muscle Cells®

ACEH NECH cAMP
Additive pU/mg DNA pU/mg DNA pmol/10° cells
Buffer 34 = 0.6 33+5 30+ 03
20 nM PGI, 13.4 = 0.9 N.D. 89 *+ 0.4
250 nM PGI;, N.D. 15 %5 14.7 = 1.4

¢ Data adapted from Hajjar er 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 PGI,. More recently, studies with metabolites of PGI, have shown
that several metabolites including 2,3-dinor-6-keto-PGF,, have similar effects (Etin-
gen et al., 1984). Other prostaglandins such as PGE, and PGE, do not stimulate
cholesteryl ester hydrolysis in vascular smooth muscle cells, even at higher con-
centrations (Hajjar et al., 1982; Hajjar and Weksler, 1983), although PGE, 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 PGI, are intriguing. These studies
clearly show that nanomolar amounts of exogenous, or amounts of endogenous
PGI, 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 al., 1982; Hajjar and Weksler, 1983; Etingen et al.,
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 er al., 1984) may have perti-
nence, since it has been reported that interferon a strongly and selectively stimulates
endothelial cell PGI, synthesis (Eldor et al., 1984), and it is likely that it has a
similar action on the vascular smooth muscle cell. Thus, therapeutic strategies to
preserve or augment PGI, 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 (LTs) 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 LTC, in a dose-dependent manner, and this response is blocked by FPL-55712,
a leukotriene receptor antagonist (Iacopino ef al., 1983). However, in the closed-
chest rat with an intact circulation, the intravenous administration of LTC, produces
a dose-dependent decrease in pulmonary artery pressure. We concluded that the
direct action of LTC, 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 ez al., 1981), but another
study using human pulmonary vessels indicates that venous but not arterial strips
are contracted semiisometrically by LTC, (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% CO, in
95% O,, 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 LTC,, U46619, and norepine-
phrine were generated. The responses are reported as tension generated in grams.
The concentration producing 50% of the maximal contraction (ECs,) was calculated
from regression lines.

The release of prostacyclin and thromboxane A, from segments of human
pulmonary arteries and veins was measured by radioimmunoassay (RIA) of 6-keto-
PGF,, and TxB,, respectively. Vessel segments (3 mm) were incubated in triplicate
in 500 pl 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 C, was kindly provided by Dr. J. Rokach of Merck Frosst Lab-
oratories (Quebec, Canada); U46619, TxB,, and 6-keto-PGF,, 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 TxB, was a gift from
Dr. L. Levine, Brandeis University (Waltham, MA). We developed the antibody
to 6-keto-PGF,, by immunizing rabbits with 6-keto-PGF,, conjugated to bovine
serum according to the method of Smith ez al. (1978). The cross reactivity has been
described (Pomerantz et al., 1980).

Statistical analysis was performed by use of Student’s unpaired r-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 LTC, (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 ECsq
values (107 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 LTC,,
but the rat PA was significantly more sensitive (Table I). The ECsq values (1078
M) for LTC, in the PA of the rat and human were 1.7 = 0.4 and 3.6 = 1.6,
respectively.

The pulmonary vein (PV) of the rat did not respond to U46619, and the human
PV generated less force than the human PA. In addition, the rat PV was unresponsive
to LTC,, and the human PV 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
ECso values (1078 M) were 5.1 = 1.4 for NE compared to 2.5 = 0.5 for U46619
(Table D).

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

Segments of human pulmonary arteries and veins released 6-keto-PGF,, and
TxB, (Table 1I). There was no significant difference between arterial and venous
segments in the basal release of either cyclooxygenase product. In addition, ara-
chidonic acid (10 M) markedly enhanced the production of 6-keto-PGF,, and
TxB; in the arterial and venous preparations. Leukotriene C, significantly increased,
by threefold, 6-keto-PGF,, release from arterial segments; LTC, was ineffective
in stimulating TxB, and had no effect on 6-keto-PGF,, release from venous seg-
ments.

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

TABLE |. ECs, Values and Maximum Developed Tension (Tnax) for U46619, LTC,,
and Norepinephrine (NE) by Pulmonary Artery Rings from Human and Rat?

U46619 LTC, NE
Human ECso (1078 M) 29 1.8 36 1.6 —
Trax(8) 1.2 + 03 0.45 = 0.05 —
C) 1G]
Rat ECso (1078 M) 2505 1.7 £ 0.4 5114
Trmax(8) 1.8 0.2 0.75 = 0.05 1.8 = 0.2
©)) )] ®

% Values expressed as mean * S.E.M.; numbers in parentheses refer to the number of vessels used.
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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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FIGURE 2. Dose-response tracings for LTC, in the human PA before, during, and after FPL-
55712. FPL-55712 was added to the tissue bath 15 min before LTC, in the second tracing.
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TABLE Il. Comparison of the Release of Selected Cyclooxygenase Products by
Human Pulmonary Artery and Vein Segments®

6-Keto-PGF),,, TxB,
(pg/mg dry tissue) (pg/mg dry tissue)
PA PV PA PV

Basal 48 = 9 589 =2 12 = 1
Arachidonate 2493 * 267 2490 = 108 250 * 36 223 = 21

(10° M)
LTC; (107 M) 157 = 3 746 21 =5 17 = 11
Arachidonate 3366 > 54 2580 = 124 312 = 7 190 = 6

plus LTC,

4 Vessel segments were incubated n triphcate at 37°C for 15 min Data expressed as pg/mg dry tissue and represent
mean = SEM

precontracted with a submaximal dose of LTC, (Fig. 3A). Rubbing of the intimal
surface of the PA 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
LTC, and U46619, but the tension generated by the human pulmonary vein to both

A HUMAN PULMONARY ARTERY
1G
Unrubbed 3 MIN Ao
(ACh 01 1 ubbed
M) 3 _r__,/———,/_T_’—l_‘
LTCY H LTCy &%") 01 1 3
(1078m) (1078Mm)
B
HUMAN PULMONARY VEIN
Unrubbed Rubbed
ACh ACh 3
3
R 1! LTCy wn T
(1078Mm) (107 8m)

FIGURE 3. The effects of acetylcholine on LTC,-precontracted human pulmonary artery and
vein segments before and after intimal rubbing.
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LTC, 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 er al. (1984) found spiral
strips of human pulmonary vein to be significantly more responsive to LTC, 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 LTC,4- 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 LTC,-induced response supports the idea
that LTC, 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,, and TXB, 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,, to TXB, was 9 : 1, which is different from the ratio of 3 : 1
observed in the present study. Howev. ., the release of substantially more TXB,
from human pulmonary vessels could account for this difference, since there was
no significant difference in 6-keto-PGF,, levels between the two species. Leuko-
triene C, 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 LTC, 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 LTC,-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 segmerits 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 C, Is Released from
the Anaphylactic Heart: A Case
for Its Direct Negative Inotropic
Effect

ROBERTO LEVI, YUICHI HATTORI,

JAMES A. BURKE, ZHAO-GUI GUOQ,
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 (Bernreiter, 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., 1982). 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 (H,-
mediated) and negative (H,-mediated) (Zavecz and Levi, 1978; Guo et al., 1984),
we assessed whether H, 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 H, blocker. Indeed, chlorpheniramine antagonizes the his-
tamine-induced, H,-mediated atrioventricular conduction block, a characteristic fea-
ture of cardiac anaphylaxis, but not the concomitant H,-mediated 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 turn, 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, PGD, 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
wM; chlorpheniramine, 1 wM; indomethacin, 2.8 uM. The hearts, obtained from guinea pigs
passively sensitized with homologous anti-DNP-bovine y-globulin, were challenged with DNP-
bovine serum albumin (for method of sensitization see Levi et al., 1984). Points are means
(£S.EM.; 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 e al., 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 e 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;
Levi et al., 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 C,, Dy, and E, as its components (Murphy et al., 1979; Lewis et
al., 1980; Morris et al., 1980; Samuelsson et al., 1980), we next determined, in
collaboration with E. J. Corey, that synthetic LTC,, D,, 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 pM). The SRS-A was obtained from guinea pig lungs immunologically chal-
lenged in the presence of indomethacin (2.8 M), 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 LTC, 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 LTC, is the primary SRS-A leu-
kotriene released from the heart; LTD, and E, were not detected (Fig. 3). By
bioassay, approximately 400 pmol of LTC, 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 LTC,-like immunoreactivity from the
anaphylactic heart, confirming their earlier finding with SRS-A (Aehringhaus ez
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
LTC,. This in turn supports the view that LTC, is a major contributor to anaphylactic
contractile failure.

5. THE NEGATIVE INOTROPIC AND CORONARY
VASOCONSTRICTING EFFECTS OF SYNTHETIC LTC,

Since the administration of either SRS (Fig. 2) or leukotrienes (Burke ef 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 LTC, in the isolated guinea pig heart perfused at constant
flow. As shown in Fig. 4, LTC, 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, LTC, progres-
sively constricts the coronary vessels (Fig. 4).

6. COMPARISON OF THE INOTROPIC EFFECTS OF
LTC,4, PAF, PGD,

We next took into consideration the remaining possibility, i.e., that LTC,-
induced coronary constriction may cause regional shunting and ischemia and that
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FIGURE 3. Elution profiles on HPLC of coronary effluents from anaphylactic guinea pig hearts
assessed by UV absorption (upper panel) and bioassay (lower panel). Pooled coronary effluents
from four isolated guinea pig hearts undergoing anaphylaxis in vitro were extracted with chlo-
roform after the addition of ethanol and acidification. The extract was dried, partially purified by
silicic acid chromatography, and subjected to RP-HPLC using C,g columns. Elution was done
with a mixture of methanol/water/acetic acid (65/35/1) at pH 5.4 at a flow rate of 1 ml/min. The
UV absorbance was monitored at 280 nm. Retention times of leukotriene standards were: LTC,,
18-24 min; LTD,4, 34-35 min and LTE,, 46—47 min. Eluates were dried and resuspended in
Tyrode’s solution prior to bioassay on the isolated guinea pig ileum in the presence of pyrilamine
(1 M) and atropine (1 pM). FPL 55712 (0.48 pM) completely abolished the response of the
ileum to the HPLC eluates. Cardiac sensitization as in legend to Fig. 1.
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FIGURE 4. Dose-response curves for the negative inotropic and coronary vasoconstricting
effects of LTC, on isolated guinea pig hearts perfused in a Langendorff apparatus at constant
flow. Flow rate was adjusted to give a perfusion pressure of 40 mm Hg. The LTC, was admin-
istered by intracoronary bolus injections at the doses indicated. Points are means (= S.E.M.;
N = 3).

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 er al., 1982). As
shown in Fig. 5, LTC, caused a dose-dependent decrease in contractile force in
both of these preparations, demonstrating beyond any doubt that LTC,, like LTD,
(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 LTC, 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 LTC, 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 LTC,. As seen in Fig. 5, this reasoning
probably applies also to PAF, another mediator of cardiac anaphylaxis (Levi et al.,
1984). In the guinea pig, PAF has cardiac effects similar to those of leukotrienes
but indepedent of them (Levi er al., 1984). Indeed, PAF has potent negative
inotropic effects in animals (Bessin et al., 1983; Feuerstein et al., 1984; Levi et
al., 1984; Vemulapalli ez al., 1984) and humans (Gateau et al., 1984). Again, as
for LTC,, 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 LTC, and PAF, one could speculate that other anaphylactic mediators,
such as PGD,, 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 PGD, decreases ven-
tricular contractility pari passu with coronary flow in the whole heart, PGD, in-
creases contractility in the non-coronary-perfused left atrium and papillary muscle.
Furthermore, whereas indomethacin does not antagonize the negative inotropic
effect of LTC, and PAF in the isolated heart (Burke et al., 1982; Levi e al., 1984),
it antagonizes the coronary vasoconstricting effect of PGD, and transforms the
decrease in ventricular contractility caused by PGD,; into an increase (Levi and
Hattori, 1985). This suggests that the negative inotropic effect of PGD, 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 PGD,. On the contrary, as already discussed, the negative
inotropic effects of LTC, and PAF persist after cyclooxygenase inhibition and are
present in isolated non-coronary-perfused preparations (Burke er al., 1982; Levi et
al., 1984). Thus, our data clearly indicate that LTC, has a primary, direct negative
inotropic effect and that PAF 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 Ca?* movements play a 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 LTD, is attenuated at higher extracellular Ca®>* 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 Ca?* 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 inexcitable 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 LTC, is much greater when contractility depends
exclusively on the slow inward Ca®* current (panel B, maximum 80% decrease in
contractility) than in control conditions (panel A, maximum 30% decrease). No-
tably, the effects of leukotrienes on Ca**-dependent contractility are reversed by
increasing extracellular Ca”?* (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 transsarcolemmal Ca?* influx. Specific LTD, binding sites in membranes pre-
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FIGURE 6. Concentration—response curves for the negative inotropic effect of LTC, 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 (i.e., Ca?*-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 al. (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 transsarcolemmal Ca?* influx (Hattori and Levi,
1984).

8. SUMMARY AND CONCLUSIONS

In all of the animal species in which the cardiovascular effects of LTC, and
D, have been studied, these eicosanoids have been shown to cause profound func-
tional alterations. Significant decreases in coronary flow (Burke et al., 1982;
Panzenbeck and Kaley, 1983; Michelassi et al., 1983; Woodman and Dusting,
1983; Ezra et al., 1983), left ventricular contractility (Burke et al., 1982; Panzen-
beck and Kaley, 1983; Michelassi ez al., 1983), and cardiac output (Pfeffer et al.,
1983; Panzenbeck and Kaley, 1983; Smedegard et al., 1982) as well as prolonged
hypotension (Smedegard et al., 1982) have been reported. Although the potent
coronary vasoconstricting effect of LTC, and LTD, may contribute to the overall
decrease in contractility, the decrease in left ventricular systolic shortening caused
by LTC, and D, in the whole animal is far greater than that expected on the basis
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of the reduction in coronary flow (Michelassi ef al., 1983). Moreover, although in
the isolated heart the decreases in coronary flow and contractility caused by LTC,
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
etal., 1982; Hattori and Levi, 1984) suggests that local ischemia caused by coronary
constriction (Ezra er 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 ez 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 Ca’* movements that underlie excitation—
contraction coupling. Indeed, our recent evidence (Hattori and Levi, 1984) indicates
that the negative inotropic effect of LTD, in the papillary muscle decreases with
increasing extracellular Ca?* concentrations. Furthermore, LTC, and LTD, 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 Ca®* current (Thyrum,
1974; Inui and Imamura, 1976: Tritthart et al., 1976), (2) LTC, antagonizes this
Ca?*-activated contraction much more than normal contraction, and (3) this effect
of LTC, is reversed by increasing extracellular Ca®* concentrations, it is plausible
that the negative inotropic effect of leukotrienes is related to an inhibition ot trans-
sarcolemmal Ca’* influx.
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Comparative Responses to
Leukotriene D, in the Sheep
and Cat

PHILIP J. KADOWITZ, DENNIS B. McNAMARA, and
ALBERT L. HYMAN

1. SUMMARY

Pulmonary vascular responses to leukotriene (LT) D, were compared in the sheep
and cat under conditions of controlled lobar blood flow. Intralobar injections of
LTD, in the sheep caused dose-dependent increases in lobar arterial and small vein
pressures without influencing left atrial or systemic arterial pressure. Leukotriene
D, was very potent in increasing pulmonary vascular resistance in the sheep, with
activity similar to U-46619, a thromboxane (Tx) A, mimic. Pulmonary vascular
responses to LTD, 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 LTD, but not to U-46619 in
the sheep were reduced by inhibitors of cyclooxygenase and thromboxane synthesis.
In contrast, LTD, had modest pressor activity in the pulmonary vascular bed of the
cat, whereas U-46619 had marked activity in this species. Responses to LTD, in
the cat were not altered by cyclooxygenase inhibitors.

It is concluded that LTD, has marked pulmonary vasoconstrictor activity in
the sheep, increasing pulmonary vascular resistance by constricting intrapulmonary
veins and upstream segments. In this species, responses to LTD, 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 TxA,. However, in the cat,
LTD, 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 LTD,, 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) A, (Borgeat et al., 1976;
Borgeat and Samuelsson, 1979a,b). This labile epoxide intermediate, which is
analogous to the pivotal prostaglandin (PG) endoperoxide intermediate PGH, in the
cyclooxygenase pathway, can be transformed enzymatically to LTB,, which has
potent chemotactic activity (Borgeat and Samuelsson, 1979a,b; Ford-Hutchinson
et al., 1980). Leukotriene A, can also be converted to LTC, by the addition of
glutathione, and this leukotriene can be further metabolized to LTD, by a y-glutamyl
transpeptidase (Murphy et al., 1979; Hammarstrdm et al., 1983; Ormning et al.,
1980).

It has recently been reported that LTC, and LTD, are major components of
the slow reacting substance of anaphylaxis (Murphy et al., 1979; Morris et al.,
1980; Lewis et la., 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
al., 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 al., 1983).
Leukotrienes C, and D, have potent contractile activity on preparations of airway
and vascular smooth muscle from the lung (Drazen er al., 1980; Dahlen et al.,
1980; Hand er al., 1981; Krell er al., 1981; Jones et al., 1982). These substances
have significant bronchoconstrictor activity in a variety of species (Drazen et al.,
1980; Holroyde et al., 1981; Smedegard et al., 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 LTC, is a fall in pulmonary
arterial pressure, whereas aerosol administration of LTC, caused a marked rise in
pulmonary arterial pressure (Smedegard et al., 1982). In the rat, injections of LTC,
caused a dose-related fall in pulmonary arterial pressure (Iacopino et al., 1983). In
contrast to studies with LTC, in the rat and monkey, LTD, caused a marked increase
in pulmonary vascular resistance in the newborn lamb when injected into the pul-
monary artery (Yokochi ez al., 1982). However, less is known about responses to
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LTD, 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 LTD,
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 LTD, in the Sheep

Lobar vascular responses to LTD, in the intact-chest sheep were studied in 11
animals, and these data are presented in Table I. Under constant-flow conditions,
intralobar injections of LTD, in doses of 0.1-1 g 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, LTD, 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 LTD, studied (Table
II).

3.2. Influence of Inhibitors in the Sheep

In order to determine if pulmonary vascular responses to LTD, in the sheep
were dependent on formation of products in the cyclooxygenase pathway, the effects
of sodium meclofenamate, a cyclooxygenase inhibitor, and of OKY 1581, a throm-
boxane synthesis inhibitor, were investigated. After administration of sodium meclo-

TABLE |. Influence of Intralobar Injections of Leukotriene D, on Mean Vascular
Pressures in the Sheep?

Pressure (mm Hg)

Lobar Small Left

artery vein atrium Aorta
Control 15+ 1 11 =1 50 102 = 4
LTDs, 0.1 pg 26 + 2* 15 = 1* 50 103 = 4
Control 17 = 1 12 =1 S5=1 100 = 5
LTDs, 0.3 pg 34 + 2% 20 = 2% 5x1 100 = 5
Control 1S =1 11 =1 5=+1 97 + 5
LTD,, 1 pg 39 = 2% 22 + 3* 5=x1 101 = 4

“n = 11. *P < 0.05 when compared to corresponding control, paired comparison.
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TABLE IlI. Influence of Intralobar Injections of Leukotriene D4 on Mean Vascular
Pressure Gradients in the Sheep Lung®

Pressure gradient (mm Hg)

Lobar artery— Lobar artery— Small vein—
left atrium small vein left atrium
Control 10 = 1 4 =1 6=+3
LTDs, 0.1 pg 21 + 4% 11 = 2* 10 = 2%
Control 12 £ 1 S+1 7+2
LTD4, 0.3 pg 29 + 4% 14 + 3* 15 + 4%
Control 10 £ 2 4 1 63
LTDs, 1 pg 34 + 5% 17 + 4* 17 = 5%

“n = 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 LTD, 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 LTD,. However, the inhibitory effects of the cyclooxygenase inhibitor on
responses to LTD, 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 A, were also investigated. U-
46619, an agent whose actions are similar to those of thromboxane A, 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 PGH, by microsomal fractions
from sheep lung were investigated. The addition of [1-'*C]arachidonic acid (20
M) to the microsomal fraction (200 wg protein) resulted in the formation of 6-
keto-PGF,,, the stable breakdown product of PGI,, 255 * 21 pmol, and TxB,,
the stable breakdown product of TxA,, 230 *+ 19 pmol/hr in the absence of the
inhibitor. Prostaglandins F,,, E,, and D, were also formed. However, when OKY1581
was added to the incubation medium in concentrations of 10° M or greater, the
formation of TxB, was reduced to 37% of control at 1077 M and 31% of control
at 107° M. Moreover, the synthesis of 6-keto-PGF,, was not decreased at concen-
trations of OKY1581 up to 10® M. The formation of PGF,,, PGE,, and PGD,
was not decreased by OKY 1581 in concentrations up to 107° M.

The influence of OKY 1581 on endoperoxide metabolism by sheep lung mi-
crosomal fraction was also investigated. In the absence of inhibitor, 166 * 15 pmol
of 6-keto-PGF,, and 161 = 17 pmol of TxB, were formed per 2-min period when
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10 uM PGH, was added to 200 g microsomal protein. Prostaglandin F,,, PGE,,
and PGD, were also formed from PGH,. However, addition of OKY1581 in con-
centrations of 10~° M or higher reduced the formation of TxB,. Formation of TxB,
was reduced by more than 80% at the higher concentrations of the inhibitor. The
formation of PGF,,, PGE,, 6-Keto-PGF,,, or PGD, was not reduced by OKY1581.

The effects of the cyclooxygenase 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 pg 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 meclofenamate, 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 OKY 1581, 5-10 mg/kg i.v.

3.3. Influence of Ventilation on Responses to LTD, in the Sheep

The relationship between the effects of LTD, on ventilation and on the pul-
monary vascular bed was studied in four sheep. In these experiments, responses to
LTD, 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 LTD,, 0.1-1 ug, 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 LTD, are similar when the lobe
is ventilated and when ventilation is arrested.

3.4. Species Variation in the Response to LTD,

In order to determine if responses to LTD, varied with species, the effects of
LTD, on the pulmonary vascular bed were investigated in the intact-chest cat, and
these data are summarized in Table III. Intralobar injections of LTD, in doses of
0.3, 1, and 4 g 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-pg doses
of LTD,. Although lobar vascular responses to LTD, were modest in the cat, U-
46619 had marked vasoconstrictor activity (Table III). As shown earlier, both LTD,
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 LTD,.
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TABLE lll. Influence of Intralobar Injections of Leukotriene D, and U-46619 on
Mean Vascular Pressures in the Cat®

Pressure (mm Hg)

Lobar artery Left atrium Aorta
Control 14 = 1 3x1 110 = 5
LTDs, 0.3 pg 16 = 1* 31 113 =5
Control 13 =1 21 110 = 8
LTD4, | pg 16 = 1* 2+ 1 119 = 6*
Control 131 31 115 = 10
LTDy, 3 pg 21 + 2% 3+1 124 = 11*
Control 14 =2 3+1 130 = 8
U-46619, 0.003 pg 20 + 3% 21 133 = 7
Control 12 =1 3+1 124 £ 9
U-46619, 0.01 pg 23 + 3% 3+1 130 = 7
Control 11 +2 3+1 118 = 6
U-46619, 0.03pg 28 * 4% 4 +2 124 = 8

“n = 6-9. *P < 0.05 when compared to corresponding control, paired comparison.

In other experiments in the sheep or in the cat, responses to LTD, 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 LTD, 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 LTD, in the cat. The increases in systemic
arterial pressure in response to the 1- and 3-pg doses of LTD, 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
LTD, increase pulmonary lobar arterial pressure in a dose-related manner (Kadowitz
and Hyman, 1984). Since pulmonary blood fiow 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 LTD,
(Kadowitz and Hyman, 1984). The increases in lobar arterial pressure in response
to LTD, were associated with dose-related increases in small intrapulmonary vein
pressure. In addition to increasing lobar arterial and venous pressures, LTD, in-
creased the pressure gradient from lobar artery to small vein. These experiments
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in sheep suggest that LTD, 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 LTD, increased
pulmonary and systemic vascular resistances and decreased cardiac output (Yokochi
et al., 1982; Kadowitz and Hyman, 1984). It has been reported that LTD, has
potent coronary vasoconstrictor activity in the sheep that can be associated with
left ventricular impairment (Michelassi et al., 1982). However, in the sheep, LTD,
had no significant effect on systemic arterial or left atrial pressures in the range of
doses studied. The effects of LTD, on left atrial pressure in the newborn lamb were
not measured, so the mechanism of the fall in cardiac output is uncertain (Yokochi
etal., 1982). The effects of LTD, 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,
LTD, was very potent, with activity paralleling that of U-46619, a stable prosta-
glandin analogue whose actions are thought to mimic those of thromboxane A,
(Coleman et al., 1981). Moreover, when compared to ther vasoactive hormones
whose effects have been studied in the sheep, LTD, 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 LTD, 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 e al., 1981; Holroyde et al., 1981,
Jones et al., 1982). However, in the intact-chest sheep, the effects of LTD, 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 er al., 1978; Kadowitz and Hyman, 1983).
In both the cat and in the sheep, pulmonary hypertensive responses to LTD, were
similar when the lung was perfused with blood or low-molecular-weight dextran.
Thus, responses to LTD, in both species are not dependent on the interaction with
formed elements in blood.

In the sheep, pulmonary vasoconstrictor responses to LTD, 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 LTD, were de-
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creased by OKY 1581, a thromboxane synthesis inhibitor. These data suggest that
a substantial portion of the pulmonary vasoconstrictor response to LTD, is mediated
by the release of thromboxane A,. The observation that meclofenamate had greater
inhibitory effect on responses to LTD, than did OKY 1581 suggests that pulmonary
vasoconstrictor responses to this lipoxygenase metabolite are dependent on the
formation of thromboxane A, and other cyclooxygenase products such as prosta-
glandins (PG) D, and F,,, 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 LTC, and LTD, cause the release of
prostaglandins and TxA, from isolated guinea pig lung (Engineer ez al., 1978; Piper
and Samhoum, 1981). Cyclooxygenase inhibitors have been shown to reduce the
contractile effects of LTD, on guinea pig lung parenchymal strips (Piper and
Samhoum, 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 LTD, are de-
pendent on the release of TxA, 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 LTD,
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 ez al.,
1978, 1980; Spannhake ez al., 1980) and extend these findings by showing that a
portion of the response is attributable to TxA, formation.

Although responses to LTD, 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 A, (Coleman er 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 OKY 1581 in doses that inhibited responses to LTD, 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 A,.

The inhibition of thromboxane A, 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 TxA, as
measured by formation of its stable breakdown product TxB,. Thromboxane B,
formation was inhibited over a wide range of concentrations of OKY1581 when
either arachidonic acid or the endoperoxide, PGH,, was employed as substrate.
Although TxB, formation was decreased by OKY 1581, PGI, formation as measured
by the production of 6-keto-PGF,,, was not inhibited even at very high concentrations
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of the thromboxane synthesis inhibitor. Prostaglandins E,, F,,, and D, were formed
when PGH, 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 OKY 1581 and, in the case of PGE,, was
enhanced by the inhibitor. Since the total amount of product formed from arachi-
donic acid (6-keto-PGF,,, TxB,, PGF,,, PGE,, and PGD,) was not decreased
although TxB, 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 LTD, 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 OKY 1581, 5-10 mg/kg i.v., TxB, formation was greatly reduced.

The results of studies in the sheep demonstrate that LTD, 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 LTD, in the pulmonary vascular bed of the sheep
and the cat are different. In the cat, LTD, had only modest pressor activity equal
to that of arachidonic acid and far less than that of PGF,,, PGD,, or PGE- 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 LTD, 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 TxA, receptors in the pulmonary
vascular bed. In addition to demonstrating marked species variation in the response
to LTD,, the present data may be interpreted to suggest that LTD, itself does not
have potent vasoconstrictor activity in the lung when the cyclooxygenase system
is blocked. Moreover, the remaining pressor activity of LTD, 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 TxA,, PGF,,, PGD, (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 LTD,, 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

GIORA FEUERSTEIN, DAVID EZRA,
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ROBERT E. GOLDSTEIN

1. INTRODUCTION

Platelet-activating factor (PAF) is a phospholipid that is produced by white blood
cells and platelets (Demopoulos et al., 1979; Benveniste et 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 PAF (1-O-hexadecyl-2-acetyl-sn-glyceryl-3-phosphocholine) can produce
anaphylacticlike hypotension in experimental animals (Feuerstein et al., 1982;
Benveniste et al., 1983; Halonen ez al., 1980). Moreover, platelets were also asso-
ciated with nonimmune pathophysiological processes: aggregation and thrombus
formation on injured blood vessels. Thus, PAF may play a significant role in me-
diating the sequelae of platelet/blood 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 ez 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 H,O positive end-expiratory pressure. Ventilatory rate and
inspired oxygen concentration were adjusted to maintain arterial partial presssure
of O,(Po,) (80-120 mm Hg) and partial pressure of CO,(Pco,, 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 PAF 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-O-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% NaCl (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 TXB; and 6-Keto-PGF,,

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 B,
and 6-keto-PGF,, 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 C, Immunoreactivity

Plasma was separated as previously described, and LTC,-like immunoreactivity
was determined as previously described (Hayes et al.. 1983).

3. RESULTS

Figure 1 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 | nmol/min 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 B, in both the arterial and coronary venous circulation, and no change
in leukotriene C,-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. LVEDP,
left ventricular end-diastolic pressure; CBF, coronary blood flow; CR, coronary resistance; MAP,
mean arterial presure; HR, heart rate (beats per minute); D/S, distance (mm) between the
crystals in end-diastole/end-systole; D-S, shortening of the region between the crystals (mm);
SF, shortening fraction, (D-S)/D, 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 e 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 PAF 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 cyclooxygenase metabolite of arachidonate since it is effectively blocked by

indomethacin (Feuerstein et al., 1984a).

Continuous infusion of a low dose of PAF 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
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FIGURE 6. Plasma lactate, TXB,, and LTC4
like immunoreactivity (ir) during cardiac is-
chemia produced by PAF infusion into the cor-
onary artery. A., arterial plasma levels at control
period; A,, arterial plasma levels during PAF in-
jection; V., venous plasma levels during control
period; V,, 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); PAF 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 PAF to the coronary artery also revealed that PAF 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 TXA,
generation took place in extracardiac elements, probably platelets.

In summary, the experiments conducted on the intact domestic pig heart clearly
indicate that PAF 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 play a 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 ez 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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Leukotriene Receptors

BARBARA J. BALLERMANN, TAK H. LEE,
ROBERT A. LEWIS, and K. FRANK AUSTEN

1. INTRODUCTION

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 S-HPETE to 5,6-oxido-7,9-trans-11,14-cis-eicosatetraenoic acid
(LTA,). An epoxide hydrolase converts LTA, to 5§,12R-dihydroxy-6,14-cis-8,10-
trans-eicosatetraenoic acid (LTB,), whereas a glutathione-S-transferase adducts glu-
tathione to yield 5S-hydroxy-6R-S-glutathionyl-7,9-trans-11,14-cis-eicosatetrae-
noic acid (LTC,). Sequential cleavages by <y-glutamyltranspeptidase of glutamic
acid and by a dipeptidase of glycine form 5S-hydroxy-6R-S-cysteinylglycyl-7,9-
trans-11,14-cis-eicosatetraenoic acid (LTD,) and 5S-hydroxy-6R-S-cysteinyl-7,9-
trans-11,14-cis-eicosatetraenoic acid (LTE,), respectively. Leukotrienes C,, Dy,
and E, 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
LTC, : LTD, : LTE; 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 al., 1980; Drazen et al., 1983; Lee et al., 1984). The ratios of the molar
concentrations of LTC, : LTD, : LTE, that reduce human and guinea pig myocar-
dial contractility in vitro are 1 : 0.04 : 10 and 1 : 0.1 : 200, respectively (Burke et
al., 1982). The vasoconstrictor action of LTC, in the renal vasculature of the rat
was more potent than that of LTD,, whereas LTE, 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
LTD, > LTC, > LTE,, in guinea pig lung parenchymal strips is LTD, >
LTE, > LTC,, in guinea pig trachea is LTE, > LTD, = LTC,, and in the rat
renal vasculature is LTC, > LTD, > LTE,.

Further évidence for separate modes of action of LTC, and LTD, 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 LTC, requires a 60-sec latent period after exposure to LTC,, whereas the con-
traction of guinea pig ileum produced by LTD, is immediate. By use of radiolabeled
LTC, 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 LTD,. Inhibition of
the conversion of LTC, to LTD, by serine-borate complex did not extend the
latency period required for the contractile response to LTC,, further reinforcing the
notion of different signaling mechanisms for LTC, and LTD, (Krilis ez al., 1983a).

Whereas LTC, and LTE, elicited monophasic contractions in guinea pig pe-
ripheral airway strips, LTD, evoked a biphasic response, that is, a partial dose-
dependent contraction that plateaued at concentrations in the range of 10~'' M
LTD,, followed by a progressive response with concentrations of LTD, > 107°
M that reached its maximum at 10~® M. Although FPL55712 inhibited the contractile
response of guinea pig lung parenchymal strips to low concentrations of LTD,, it
was without effect on the spasmogenic response to high concentrations of LTD, or
on any portion of the monophasic LTC, response. These initial physiological ob-
servations prompted the suggestion that LTC, and LTD, act through distinct re-
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ceptors (Drazen et al., 1980). More recent studies demonstrated that the LTC,
response and the high-concentration LTD, 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 LTD, only with FPL55712.
Combination of the two inhibitors attenuated the contraction of lung parenchymal
strips at all concentrations of LTD, (Drazen and Fanta, 1984), suggesting that the
biphasic LTD, effects were mediated through two separate receptors and that the
effect of high concentrations of LTD, might be mediated through the same receptor
as that for LTC,. The smooth muscle contractile action of LTE, is generally less
potent than that of LTD, and LTC,, which would be consistent with a low-affinity
interaction with either or both of the receptors considered to mediate LTC, and
LTD, action. Guinea pig tracheal smooth muscle, however, was shown to be more
sensitive to the contractile influence of LTE, when compared to LTC, or LTD,,
indicating that a distinct LTE, subclass receptor might exist in this tissue (Drazen
et al., 1983).

In addition, exposure of guinea pig tracheal smooth muscle but not lung
parenchymal strips to LTE, 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 LTD, or LTC, at concentrations resulting in equivalent
initial contractile responses. This LTE,-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 LTE,-induced contraction (Lee et al., 1984).
Thus, LTE,-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 LTE, 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 al., 1983a). Thus, early (Lewis
et al., 1980; Drazen et al., 1980; Burke et al., 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 [PH]LTC,

Leukotriene C, binding sites have been characterized in intact cells, namely,
a cultured smooth muscle cell line derived from the hamster vas deferens (DDT),)
(Krilis er al., 1983b), in intact tissues such as guinea pig ileum smooth muscle
segments (Krilis e al., 1984) and whole isolated rat renal glomeruli (Ballermann
et al., 1985), and in crude particulate fractions of whole rat lung (Pong et al.,
1983), guinea pig lung (Bruns et al., 1983; Hogaboom et al., 1983), and guinea
pig ileum (Krilis et al., 1984; Nicosia et al., 1984).

Specific [PH]LTC, binding to intact DDT, cells in 200 mM tris-HCI buffer,
pH 7.4, with 1 mM CaCl, in the presence of 1 mM serine—borate complex at 4°C
was time dependent and rapidly reversible on addition of excess unlabeled LTC,.
The LTC, binding site in this cell line was saturable and displayed a high affinity
for LTC, with an equilibrium dissociation constant (K,;) of 5 nM derived from
equilibrium binding studies with increasing concentrations of [*H]LTC,. The bind-
ing site was highly specific for LTC, in that LTD,, LTE,, and LTB, 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 [PH]JLTC,
occurring at 8 pM. Physiologically active analogues of LTC,, SR,6S-LTC,, 11-
trans-LTC,, and the Cl-monoamide derivative of LTC,, were potent competitors
for [PH]LTC, binding compatible with this biological activity, whereas deamino-
LTC,, 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 LTC, (Krilis et al., 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 [*H]LTC, binding characteristics in terms of
saturability, reversibility, and binding affinity (Krilis ez al., 1984): the K, was 7.6
nM, and the density of binding sites was 0.23 pmol/mg protein. It was also observed
that the density of LTC, binding sites in a subcellular fraction of guinea pig smooth
muscle enriched for mitochrondria was 1.6 pmol/mg protein as compared to 0.5
pmol/mg protein in the plasma membrane fraction prepared from the same tissue
(Krilis et al., 1984).

Further, the competition studies for [PH]LTC, with both subcellular fractions
demonstrated a subclass specific receptor for LTC, in this tissue known to respond
to the other natural sulfidopeptide leukotrienes, LTD, and LTE,. Studies by others
(Nicosia et al., 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 LTC, binding sites on the basis of a nonlinear
Scatchard plot and a biphasic [?H]JLTC, dissociation curve on the addition of excess
unlabeled LTC,; LTC, 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 er 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 [PHJLTC, 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 CaCl,. Saturability, time dependence of binding, revers-
ibility, and specificity for the homoligand relative to binding inhibition by LTDy,
LTE,, 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 pmol/mg 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 LTC, 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 LTC, 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 LTC, 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 LTC, in the
kidney (Rosenthal and Pace-Asciak, 1983; Badr et al., 1984). Binding of [*'H]LTC,
in 20 mM HEPES buffer at 4°C in the presence of 125 mM NaCl and 5 mM CaCl,
was time dependent, reversible, and saturable. Equilibrium binding parameters for
one homogeneous population of LTC, 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 al., 1985). The potency of competition for this binding site
by LTD,, LTE,, and FPL55712 was three orders of magnitude less than that of the
homoligand LTC,, similar to findings reported in DDT, cells (Krilis et al., 1983b),
guinea pig ileum (Krilis er al., 1984), and rat lung (Pong e? al., 1983).

Thus, LTC, receptors in nonvascular and vascular tissue exhibit a high degree
of specificity for LTC, and do not bind LTD, with an affinity high enough to account
for pharmacological LTD, action. The LTC, 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 LTC, receptors may display a degree of het-
erogeneity in different tissues or perhaps across species. The demonstration in guinea
pig ileum of a large number of subcellular LTC, receptors raises the intriguing
possibility that LTC, action may include mobilization of the LTC, receptors to the
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plasma membrane or alternatively that LTC, acts at a subcellular site. Either of
these possibilities may explain the characteristically slow onset of LTC,-induced
smooth muscle contraction.

4. RADIOLIGAND BINDING STUDIES WITH [*HILTD,

In addition to the demonstration that LTD, does not bind to LTC, receptors
with high affinity, radioligand binding studies utilizing [*H]LTD, as a probe have
shown distinct receptors for LTD, in crude particulate fractions of guinea pig lung
(Pong and DeHaven, 1983; Hogaboom et al., 1983) and on a plasma-membrane-
enriched fraction of guinea pig ileum (Krilis et al., 1985). The [*H]LTD, binding
to guinea pig lung at 4°C and 20°C was saturable and reversible. The [*H]LTD,
binding was enhanced by the divalent cations Mn?*, Mg®*, and Ca®* and was
inhibited by 200 wM GTP and in a concentration-dependent manner by Na* (0.5-50
mM). The inhibition of [*H]JLTD, binding by GTP and Na™ was attributed to a
reduction in LTD, receptor affinity, since these agonists increased the dissociation
rate of [*H]JLTD, from the receptor. Binding parameters derived from [*H]LTD,
saturation studies at equilibrium showed a very high affinity with a K, at 20°C of
0.055 nM and at 0°C of 0.21 nM. The receptor density was 0.34 pmol/mg protein.
Competition by LTC, for this site required concentrations two orders of magnitude
higher than for the homoligand, whereas LTE, was nearly as effective as LTD, in
competing with [PH]LTD,. FPL55712 competed at concentrations in the range of
107 M. Although FPL55712 was 100-fold as effective in competing for this LTD,
site as it was in competition for LTC, receptors in diverse tissues (Table I), it is
still more than 3 logs less potent than the homoligand in binding assays of either
receptor.

Radioligand binding studies by Hogaboom et al. (1983) in a crude particulate
fraction of homogenized guinea pig lung with both [*HJLTC, and [*H]LTD, as
radiolabeled probes demonstated separate binding sites for LTC, and LTDj in this
tissue. The LTC, receptor characteristics were similar to those described in rat lung
homogenate (Pong er al., 1983), whereas the equilibrium dissociation constant of
the LTD, receptor was estimated at 7.5 nM by binding competition. Furthermore,
LTE, competed more effectively than LTC, for this site, and 100 uM of guanylyl
imidodiphosphate [Gpp(NH)p] was found to inhibit [*H]LTD, binding, although
there was no effect on [*H]LTC, binding (Table I).

Binding of PH]LTD, and [PH]LTC, on crude guinea pig lung homogenate
particulate fractions was also studied by Bruns et al. (1983), who observed that
[*HILTC, binding occurred mostly after conversion to [*HJLTD,. Competition
studies, which yielded a potency order for synthetic sulfidopeptide leukotrienes of
LTC, > LTD, > LTE,, were therefore similar for both radioactive probes. How-
ever, the apparent effectiveness of unlabeled LTC, in competing for the binding
site makes it difficult to interpret competition data for this putative LTD, 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 [PH]LTD, binding
by guanine nucleotides and by sodium ion was also found in this study (Bruns ef
al., 1983).

The LTD, receptors identified in guinea pig plasma membrane fractions (Krilis
et al., 1985) have a K, of 2.2 nM, which would be compatible with the fourfold
greater potency of LTD, relative to LTC, in ileum tissue in the presence of sodium-
containing buffers. The physiological data of a biphasic dose response to LTD, in
guinea pig parenchymal strips and the very different radioligand binding affinities
observed for lung and ileum suggest subclass heterogeneity with regard to the affinity
of the LTD, 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 C, and D,, and possibly E,. Separate receptors for LTC, and LTD,
have been identified and characterized by physiological and radioligand binding
criteria. The LTD, 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 LTC, 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 LTC, and LTD,,
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 Il. 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 ill. Evidence for Subclass Specific Receptors for the Sulfidopeptide
Leukotrienes: Radioligand Binding Studies

LTC, LTD, LTE,
Tissue Radioligand Ki(nM)K(nM) K,mnM)K,(nM) K,(nM) K,(nM)

Hamster DDT, cell [*HILTC, 50 44 — 2,000 — 13,000
Guinea pig ileum segment [*HILTC, 76 @ — — — — —

12,000 x g fraction [PHILTC, — 12,0 — 800 —  >10,000

Plasma membrane fraction  [*H]LTC, 8.5 — — — — —

Plasma membrane fraction [*H]LTD, — — 2.2 — — —
Guinea pig lung homogenate ~ [*PHILTD, — 31.0 0.22 0.32 — 0.78

45,000 x g (without

Na™)

effects of LTE, on guinea pig lung parenchymal strips may be mediated by LTD,
receptors as evidenced by effective competition by LTE, for the LTD, receptor in
crude lung particulate fractions (Pong and DeHaven, 1983).However, a third re-
ceptor or mechanism may mediate the distinct actions of LTE, on guinea pig tracheal
spirals, where this agonist exhibits greater contractile potency than LTD, 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 E; in
the Coronary Circulation

THOMAS H. HINTZE and GABOR KALEY

1. INTRODUCTION

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 er 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 PGE; 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 PGE; 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 ef al. (1981) have shown that infusions of PGE, ameliorate some
of the harmful consequences of ischemia on the myocardium. The purpose of this
chapter is to review the effects of PGE; on the myocardium and coronary circulation
and to describe our own, more recent observations on the effects of PGE, 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, PGE,, and PGE,, have previously
been shown to increase blood flow in the pump-perfused or autoperfused dog heart
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(Carlson and Ord, 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 PGE,, 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 of the 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 PGE,, has been observed (Berger et al., 1976;
Kraemer et al., 1976; Coker et al., 1981; Jugdutt et al., 1981).

In studies that eventually led to the discovery of prostacyclin, it was noticed
that whereas PGE, 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 PGE,.
The above authors also postulated that PGE, 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 PGE,
in the coronary circulation and that both the reductions in flow and PGE, release
can be eliminated by administration of a receptor blocker of prostaglandins.

Previous studies from our laboratory have described the Bezold—Jarisch-like
reflex responses following the administrat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>