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Inhibition Studies on the Membrane-associated  Phospholipase A2 in 
Vitro and  Prostaglandin E2 Production in Vivo of the Macrophage-like 
P388D1 Cell 
EFFECTS OF MANOALIDE, 7,7-DIMETHYL-5,8-EICOSADIENOIC ACID,  AND p-BROMOPHENACYL  BROMIDE* 

(Received for publication, December 12, 1988) 

Mark D. Lister*,  Keith B. GlaserS,  Richard J. Ulevitchs,  and  Edward A. DennisSlI 
From  the  $Department  of  Chemistry,  University of California, San  Diego, La Jolla, California  92093  and the §Department of 
Immunology,  Scripps  Clinic  and  Research  Foundation, La Jolla,  California  92037 

In  order  to  ascertain  the  role of phospholipase Az 
(PLA’) in  the  release of arachidonic  acid  for  eicosanoid 
biosynthesis,  we  have  characterized a Ca2+-dependent 
PLAz  from  P388D1  cells,  evaluated  inhibitors of its 
activity,  and  correlated  the  effects of these  inhibitors 
on  prostaglandin (PG) E, production  in  the  intact cell. 
The Ca’+-dependent PLAz  has  little  preference  for  the 
polar  head  group  or  sn-2  fatty  acid of phospholipids, 
and  we  have  now  found  that it will  hydrolyze l-al- 
kyl,a-acyl  phospholipids,  but it does  not  show a pref- 
erence  for  this  substrate  over  other phospholipids. In- 
hibitor  studies  with  the  ca’+-dependent  PLAB  have 
shown  that  arachidonic  acid is an  effective  inhibitor. 
The  analogs of natural  fatty  acids,  eicosatetraynoic 
acid  and octadecyleicosaynoic  acid, were  ineffective as 
inhibitors of the  P388D1 PLA2.  However, 7,7-di- 
methyl-5,8-eicosadienoic acid  was as effective an  in- 
hibitor (ICtio = 16 PM) as arachidonic  acid.  Manoalide 
and  its  analog, manoalogue, were  found  to  be good 
inhibitors of the  P388D1  PLAz (ICti0 = 16 and 26 &My 
respectively).  The  irreversible  inhibitor of the extra- 
cellular  PLA2,  p-bromophenacyl  bromide, was a very 
poor  inhibitor of the P388D1 PLA2, apparent ICs0 = 
500-600 PM. Quinacrine  was  also  ineffective as an 
inhibitor as was  the cyclooxygenase  inhibitor  indo- 
methacin.  On  the  cellular  level,  the  P388D1  cells re- 
spond  to  various  stimuli  to  produce PGDz and PGEz as 
the  major  cyclooxygenase  products  with  minor  produc- 
tion of PGIB  and  thromboxane A’. Similar  arachidonic 
acid  metabolite  profiles  were  seen  for  calcium iono- 
phore  A23187,  melittin,  and platelet-activatingfactor. 
Manoalide,  manoalogue,  and 7,7-dimethyl-5,8-eicosa- 
dienoic  acid,  effective  inhibitors of the  isolated PLAz, 
inhibited PGEz production  in  intact  P388D1 cells 40- 
85% in  the  concentration  range  studied.  In  contrast, p-  
bromophenacyl  bromide,  which is ineffective as an  
inhibitor of the  P388D1  PLA2,  did  not  significantly 
effect PGEz production  in  the  concentration  ranges 
used. These  results  demonstrate  that  there  may  be 
important  differences  between  the  intracellular 
P388DI  PLAz  and the more  commonly  studied extra- 
cellular  forms of  PLA,. These differences are also ob- 
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served  in  the  intact cell studies and emphasize  the  need 
for  the  evaluation of inhibitors  both in vitro and in 
vivo using the isolated  enzyme  and  intact cell. This is 
the  first  example of studies  aimed at correlating  the 
inhibition of a purified  intracellular  PLAz  with  inhi- 
bition of prostaglandin  production  in  the  intact cell 
from  which it is derived. 

Phospholipase Az (PLA2)’ (1) is  believed to be the main 
enzyme responsible  for  arachidonic  acid  release, which has 
been  suggested to be the rate-limiting step in the biosynthesis 
of eicosanoids (2). Proof of the involvement of a PLA2 in 
arachidonate release  requires ( a )  the isolation and character- 
ization of such an enzyme, (b)  evaluation of the kinetic 
regulation of the enzyme in vitro, and (c )  demonstration of 
its responsibility for  eicosanoid  production in whole cells by 
the correlation of in vitro with in vivo inhibitor effects.  In this 
regard, we have now studied the effects of various inhibitors 
on a Ca2+-dependent PLAP  from the P388D1 macrophage-like 
cell line which  was  previously  isolated (3) and kinetically 
characterized (4), and we have  also  evaluated their effects  on 
eicosanoid  production  in the intact cell. 

The inhibitor studies presented herein  include  compounds 
reported  to be inhibitors of the extracellular PLAz (1,2) and/ 
or arachidonic  acid  release  in  cellular studies. Irreversible 
inhibitors of the extracellular PLA2, such as manoalide (5-7),  
manoalogue (8), and p-bromophenacyl  bromide (PBP) (9), 
were  analyzed.  Manoalide (lo), a nonsteroidal sesterterpenoid 
isolated  from  marine  sponge Luffariella variabilis, has  been 
shown to react  with  lysine  residues (5, 11) as does the syn- 
thetic analog,  manoalogue (8). Manoalide has also  been  shown 
to be an effective inhibitor of eicosanoid  production  in  murine 
resident peritoneal macrophages and was  also  suggested to 
affect  arachidonic  acid  release (12). PBP inhibits PLA,  by 
covalently  modifying the histidine residue at the active site 
(9) and has  also been  shown to inhibit eicosanoid  production 
in intact cells (13, 14). 

It was  previously  shown that unsaturated fatty acids were 
effective inhibitors of the P388D1 PLAz particularly arachi- 
donic  acid (4). Since studies of arachidonic  acid inhibition 

~ 

The abbreviations used are: PLAz, phospholipase A?; PBP, p -  
bromophenacyl bromide; PC, phosphatidylcholine; ODYA, octade- 
cyleicosaynoic acid; ETYA, eicosatetraynoic acid; DEDA, 7,7-di- 
rnethyl-5,8-eicosadienoic acid; PG, prostaglandin; PGIz, prostacyclin; 
6-keto-PGF1,, 6-keto-prostaglandin Flm; TXAZ, thromboxane Az; 
TXB2, thromboxane B,; LTG, leukotriene Ca; DME, Dulbecco’s 
modified essential medium; HEPES, 4-(2-hydroxyethyl)-l-pipera- 
zineethanesulfonic acid; RIA, radioimmunoassay. 
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would  be complicated with intact cells, we have now studied 
a number of nonmetabolizable analogs both in uitro and with 
intact cells. Of these, 7,7-dimethyl-5,8-eicosadienoic acid 
(DEDA) (13) was found to be quite potent.  Study of these 
inhibitors on the macrophage PLAz and  the  intact cell were 
performed so that their effects on enzymatic activity and cell 
production of prostaglandins could be compared. This inves- 
tigation  permits  a comparison of the effect of these  inhibitors 
on the membrane-associated macrophage enzyme with those 
effects reported for the extracellular PLA2. Manoalide and 
manoalogue as well as DEDA were found to be  good inhibitors 
of the macrophage PLA2 and prostaglandin production 
whereas PBP was not an effective inhibitor of the isolated 
enzyme and did not significantly inhibit prostaglandin pro- 
duction in  the P388D1 cell at noncytotoxic concentrations. 

There have been reports in the literature which have sug- 
gested that  ether phospholipids may  be a major source of 
arachidonic acid release, which in some cells could be hydro- 
lyzed  by different phospholipases than those acting on diacyl 
phospholipids (15-17). The P388D, cell has  a large content 
of ether phospholipids (18) as well as diacyl phospholipids, 
and  the experiments herein now demonstrate that  the P388D1 
PLAz acts equally well  on such substrates. 

EXPERIMENTAL  PROCEDURES 

Materials-Cellgro@  Iscove's DME, Falcon" tissue culture flasks 
and 6-well plates were  from Fisher. Fetal bovine serum (Lot No. 
A2312L)  was from Gemini Bio-Products, Inc. (Calabasass, CA). Gen- 
tamycin, trypan blue stain (0.4%) and  HEPES were from GIBCO. 
Glutamine and penicillin/streptomycin were from Irvine Scientific 
(Santa Ana, CA). PGEz 6-keto-PGFlq  and  TXBZ standards were 
from Cayman Chemical (Ann Arbor, MI). Antisera for PGEz,6-keto- 
PGFla,  and TXBz and radioimmunoassay kits for PGDZ were from 
Advanced Magnetics, Inc. (Cambridge, MA). Additional prostaglan- 
din  antisera was kindly provided by Dr. Lawrence Levine, Brandeis 
University (Waltham, MA). PGE, [5,6,8,11,12,14,15-3H] (specific ac- 
tivity 185 Ci/mmol), 6-ket0-PGF,a,6-[5,8,9,11,12,14,15-~H] (specific 
activity 157 Ci/mmol), TXB;! [5,6,8,9,11,12,14,15-3H] (specific activ- 
ity 114 Ci/mmol), LTC4 [14,15-3H] (specific activity 38.4 Ci/mmol), 
and arachidonic acid [5,6,8,9,11,12,14,15-3H] (specific activity 230 Ci/ 
mmol) were from Du Pont-New England Nuclear. LTC4  antisera was 
a kind gift of Dr. John L. Humes, Merck, Sharp  and Dohme, and 
LTC4 standard was a generous gift of Dr. Joshua Rokach, Merck- 
Frosst  Canada, Inc. (Montreal, Canada). Manoalogue was generously 
provided by Dr. Edward D. Mihelich, Lilly. Manoalide was a kind 
gift of Dr. Paul J. Scheuer, University of Hawaii at Manoa (Honolulu, 
HI). BW 755c was a gift from Wellcome Research Laboratories 
(Research Triangle Park, NC). Triton X-100 p-bromophenacyl bro- 
mide, quinacrine and indomethacin, calcium ionophore A23187, mel- 
ittin, thimerosal and bovine serum albumin were purchased from 
Sigma. (5,8,11,14)-Eicosatetraynoic acid (ETYA), 17-octadecynoic 
acid (ODYA) and 7,7-dimethyleicosadienoic acid were purchased from 
Biomol Research Laboratories, Inc. (Plymouth Meeting, PA). 1,2- 
Dipalmitoyl-sn-glycerol-3-phosphorylcholine (dipalmitoyl-PC) and 
platelet-activating factor (l-hexadecanoyl-2-acetoyl-sn-glycero-3- 
phosphocholine) were obtained from Avanti Polar Lipids, Inc. (Bir- 
mingham, AL). 1-Palmitoyl-2-[ 1-"C]palmitoyl-PC (54 mCi/mmol) 
was purchased from Amersham Corp. Thin layer chromatography 
plates (250 pm layer of Silica Gel G) were purchased from Analtech 
(Newark, DE).  Scintillation fluid (Safety-Solve and 3a70B) was pur- 
chased from Research Products  International  (Mount Prospect, IL). 
All other reagents were analytical reagent grade or better. l-Alkyl,Z- 
oleoyl and l-alky1,2-arachidonoyl-PC and  the tritiated  counterpart of 
each were prepared and generously provided by Dr. Fritz Paltauf, 
Dept. of Biochemistry, Technische Universitat (Graz, Austria). 

Phospholipase AZ Preparation-The purification of the PLAz from 
the P388D1 macrophage-like cell line is described elsewhere (3). The 
enzyme preparation used for most of the studies was that obtained 
after the second of two butanol  extractions, referred to  as BE-11. This 
preparation is obtained with a 60-fold purification and is  free of other 
phospholipases. The enzyme is stored as a lyophilized powder and is 
stable  in this  state for at least several months. The lyophilized BE-I1 
was dissolved in enzyme buffer (20 mM glycine, pH 9.0) to a concen- 

tration of either 0.32 mg/ml or  0.64 mg/ml. Freshly dissolved aliquots 
were used for the kinetic studies. Where indicated, experiments were 
performed with "purified enzyme (-2500-fold purification)  taken 
through all the purification steps described earlier (3). 

Phospholipase Az Vesicle  Assay-The standard assay conditions 
included 5 mM CaClZ, 20 mM glycine buffer, pH 9.0, and 100 pM 
dipalmitoyl-PC containing about 100,000 cpm of l-palmitoyl-2-[1- 
"C]palmitoyl PC. Dipalmitoyl-PC was prepared as vesicles by soni- 
cating the phospholipid in buffer and Ca2+ using an  MSE model 100- 
watt sonicator until the lipid suspension clarified (about  5 rnin). The 
reaction was started by the addition of the enzyme solution (16 pg of 
protein) to give a final volume of 0.5  ml. The assays were then 
incubated at 40  "C for 90 min. 

For the  ether-PC experiments in which the substrate  concentration 
dependence was determined, it was necessary to vary the time of 
incubation. This was done so that  the products of hydrolysis repre- 
sented 5% or less of the substrate,  a region where the enzymatic rate 
is linear with time (4). In  these cases, the time was varied between 
20 min (low substrate) and 150 min (high substrate). 

Enzymatic reactions were stopped by the addition of  0.5 ml of 
chloroform/methanol/acetic acid (2:41, v/v/v). For extracting lipids 
from the aqueous phase, 0.25 ml of chloroform was added, the mixture 
briefly vortexed, and centrifuged on a table  top centrifuge (top speed, 
3  min) to separate the organic and aqueous layers. The organic layer 
was  removed, dried by vacuum evaporation in an oven  (40 "C), and 
the residue dissolved in 30 p1 of chloroform/methanol(2:1, v/v). The 
entire sample was spotted  onto one lane (2-em width) of a 10 X 20- 
cm thin layer chromatography plate, and  the lipid components were 
separated over the 10-cm length by elution with chloroform/metha- 
nol/acetic acid/water (25:154:2, v/v/v/v). The lipids were visualized 
upon exposure to I2 vapor and the zones corresponding to  fatty acid 
and dipalmitoyl-PC were scraped directly into  scintillation vials to 
which 6 ml  of scintillation fluid  was added. The procedures for the 
ether-PCs followed the same procedure except they were chromato- 
graphed in chloroform/methanol/water (65:25:4, v/v/v). 

Controls were included routinely in each experiment. The blank 
was obtained by substituting buffer for the freshly prepared enzyme 
solution and incubating it for the duration of the assay. The back- 
ground hydrolysis was always found to be  less than 0.5% for diacyl- 
PC, less than 2% for l-alkyl,2-oleoyl-PC and less than 10% for the 
l-alky1,2-arachidonoyl-PC. Averages of duplicate assays with controls 
subtracted are reported. 

Inhibitor Kinetics-Potential inhibitors were dissolved in  either 
ethanol or methanol as indicated and added so that  the final concen- 
tration of solvent in the assay was 2% or less. Similar amounts of 
solvent were added in controls lacking inhibitor. Solvent effects 
routinely gave less than a 5% difference from the control  containing 
no solvent. 

Preincubation and Calcium Effects-Preincubation of 5 mM CaZ+ 
with the macrophage enzyme BE-I1 preparation showed that nearly 
all enzymatic activity was lost within 60 min. When Ca2+ was prein- 
cubated with the highly purified enzyme, no loss of activity was 
observed. These findings indicate that  the BE-I1 preparation  contains 
calcium dependent proteases. Therefore, all preincubation assays 
were done in the absence of Ca2+. Apparently, when the enzyme is 
present with phospholipid, it is protected from the calcium-dependent 
protease. This is evident by the linearity of the time courses which 
have been observed for up to 120 min (4). 

CeU Culture"P388D1 cells were obtained from the American Type 
Culture Collection (ATCC) and maintained  in Iscove's DME with 
10% fetal bovine serum (heat-inactivated), HEPES (25 mM), gluta- 
mine (2 mM) and gentamycin (2.5 pg/ml) supplemented with nones- 
sential amino acids at 37 "C in  a humidified atmosphere of 95% air 
and  5% COZ. Adherent cells were selected by passage of only adherent 
cells after scraping from the flask with an  S/P cell scraper. Cells were 
maintained  in 175 cm2 flasks and subdivided every 3-4 days (doubling 
time -28 h).  For experiments, adherent cells were scraped and plated 
in 6-well dishes at 1 X lo6 cells/well. Cells were  allowed to adhere 
overnight in medium containing 10% fetal bovine serum and penicil- 
lin/streptomycin (100 units/ml and 100  pg/ml, respectively). All 
experiments were performed in serum-free medium with penicillin/ 
streptomycin. 

Stimulation of P388D1 Cells-Cells  were placed in serum-free me- 
dium with or without inhibitor for 2 h prior to exposure to stimulants. 
After 2  h the medium was replaced with serum-free medium contain- 
ing inhibitor or vehicle and  the respective stimulant and incubated 
at 37 "C for 4 h. Cell viability after each experiment was determined 
by trypan blue exclusion tests performed on the adherent cells in the 
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6-well culture dishes. Viability was 290%  as determined by trypan 
blue exclusion and release of lactate dehydrogenase was 4 0 %  under 
all conditions used. Stimulants and inhibitors were prepared in 
MezSO, final assay concentration of Me2S0 did not exceed  0.1% and 
by itself was not  detrimental to cell viability as measured by trypan 
blue exclusion (>95% viability). At the end of each experiment the 
medium  was  removed and placed at  -20 "C  until radioimmunoassays 
(RIA) were performed. Cell monolayers were then washed with Dul- 
becco's  modified phosphate-buffered saline, solution A and placed at 
-20 "C until protein analyses were performed. Protein was deter- 
mined by the method of Bradford (19) on cells which  were  solubilized 
with 0.1 N NaOH for 1 h at 37 'C, scraped from the dish, and sonicated 
with a probe sonicator for 10 s. Bovine y-globulin was  used as a 
standard for protein determinations. Approximately 250  pg  of protein 
was obtained from 1 X IO6 cells. 

Eicosanoid  Radioimmunoassay-RIAs for PGE,, PGI, (measured 
as &keto-PGF,,), and TXAz (measured as TXB,) were performed in 
a final volume of  300 p1 containing 50 mM potassium phosphate 
buffer, pH 7.4,  0.15 M NaC1, and 0.1% bovine serum albumin with 
100 pl of sample (cell culture medium). RIAs  for  LTC,  were performed 
in a final volume of  300 pl containing 10 mM potassium phosphate 
buffer, pH 7.3, 1 mM EDTA, 0.25 mM thimerosal with 100 pl of 
sample (cell culture medium) (20). RIAs  were incubated at 25  "C for 
3  h and removal of the tracer was accomplished by dextran-coated 
charcoal separation. After centrifugation at 1500 X g for 20 min, 500 
pl of the  supernatant was  removed, placed in RPI 3a70B scintillation 
mixture and counted in a TM Analytical, Inc. liquid scintillation 
spectrometer. Due to  the sensitivity and  the specificity of the RIA 
for PGE, as compared to  the major P388D1  cell metabolite, PGDz, 
the effects of inhibitors on PGE, production was determined in all 
subsequent experiments. 

Labeling of P388D, Cells with rHlArachidonic Acid"P388D1 cells 
at 0.5 X lo6 cells/well were incubated for 24 h with 3 pCi  of [3H] 
arachidonic acid/well in Iscove's DME with 10% fetal bovine serum, 
2 mM L-glutamine, 25 mM HEPES, nonessential amino acids, and 
penicillin/streptomycin at 37 "C in 5% C 0 2 ,  95% air. At the end of 
the incubation period, the medium  was sampled for remaining radio- 
activity and  the cells washed three times with  Iscove's DME without 
fetal bovine serum to remove all unincorporated [3H]arachidonic acid. 
Approximately 80-85%  of the added [3H]arachidonic acid was incor- 
porated by this procedure. Cells were then stimulated for 4  h at 37  "C 
in 5% COz, 95% air, the medium  was  removed and centrifuged (10,000 
rpm in a microcentrifuge) to remove cells, acidified to pH 3.5 with 4 
N formic acid, and  extracted with two  volumes of ethylacetate. The 
ethylacetate was dried under a  stream of nitrogen, the residue dis- 
solved in 75 p1 of chloroform/methanol (2:1, v/v) containing 50  pg 
each of prostaglandin standards as carrier (PGD,,  PGE2,  PGF?,, 
TXB2 and amino acids), and chromatographed on Silica Gel  G, thin 
layer chromatography plates in  a solvent system of chloroform/ 
methanol/acetic acid/water (90:8:1:0.8,  by volume). Prostaglandins 
were  visualized with iodine vapor, scraped, and counted in a TM 
Analytical, Inc. liquid scintillation spectrometer. 

rH1Arachidonic Acid  Release from P388D1 Cells-For [3H]arachi- 
donic acid release experiments, the prelabeled cells were stimulated 
in Iscove's DME containing 0.1%  bovine serum albumin (essentially 
fatty acid free) as a trap for released [3H]arachidonic acid. This 
procedure resulted in 51% metabolism of the released [3H]arachi- 
donic acid as determined by thin layer chromatography analysis as 
described above. The cells were stimulated for 4 h at 37 "C, medium 
removed, centrifuged at 1500 X g to remove cells, and an aliquot 
counted for [3H]arachidonic acid in  a TM Analytical, Inc. liquid 
scintillation spectrometer. 

RESULTS 

PLA2 Activity  Toward  Alkyl Phosphatidylcholine Vesicles- 
Ether phospholipids were examined to determine if the mac- 
rophage enzyme could hydrolyze this  type of substrate. Time 
courses were carried out  for l-alkyl,2-oleoyl-PC to determine 
the extent of linearity  and to assure that all kinetic assays 
were carried out under conditions that would  yield true initial 
rates. The enzymatic rate toward this phospholipid was linear 
to about 8% hydrolysis (data  not shown). Time courses also 
showed linearity for at least 120 min as long as  the hydrolysis 
remained below 8%. 

The activity of the enzyme was measured at substrate 

concentrations that ranged from 10 p~ to 1000 PM for 1- 
alkyl,2-arachidonoyl-PC and l-alkyl,2-oleoyl-PC. There were 
two distinct  substrate dependence regions as was also ob- 
served for the diacyl PCs (4). At low substrate  concentrations, 
the activity obeyed a simple Michaelis-Menten model, but at 
higher concentrations, the activity was best described by a 
Hill model with a Hill coefficient of 2. Table  I  presents the 
kinetic parameters obtained from a nonlinear regression of 
the  data to a model containing both a Michaelis-Menten and 
a Hill function. A comparison with its diacyl counterpart, 
whose kinetic data was derived analogously is also presented 
(4). The V,,, for both the Michaelis-Menten and  the Hill 
portions of the functions represent  true V,, and  the K ,  for 
the Michaelis-Menten portion has  its  standard meaning. The 
apparent K' obtained for the Hill portion is composed of the 
intrinsic dissociation constant, K, and the interaction factors 
from the Hill treatment (21). In  this case, half-saturation 
occurs when the substrate  concentration is equal to (K')". 

Effect of Analogs of Natural  Fatty Acids on PLA2 Activity- 
ETYA, ODYA, and DEDA  were each tested over a  concentra- 
tion range from 5 to 200 PM for their ability to inhibit the 
macrophage PLA2. For these experiments, standard assay 
conditions for dipalmitoyl-PC were  used, and  the analogs 
were each added to assay tubes as  ethanol solutions (2% of 
final volume). The dose response curves of the  fatty acid 
analogs are shown in Fig. 1 and values, where obtainable, for 
20 and 50% inhibition are given in Table 11. ETYA at all 
concentrations assayed showed essentially no inhibition. 
ODYA also showed little ability to inhibit with only 20% 
inhibition at 200 p ~ .  DEDA, on the other hand, was a very 
good inhibitor  and yielded an IC60 value of 16 pM. 

Manoalide and Manoalogue Inhibition Studies-Manoalide 
and manoalogue  were tested  for  their ability to inhibit the 
PLA2. Each was added to assay tubes as methanol solutions 

TABLE I 
Kinetic constants of macrophage phospholipase A:! acting OR alkyl 

ether phospholipids 
Michaelis-Menten" Hill" 

Substrate 
Vmax K m  V-. K' 

pmol  min" pmol min" 
m g - ~  PM mg-l C M 2  

l-Alkyl,2-oleoyl PC 260  3.9 3200  46 
l-~almitoyl,2-oIeoyl  PCb 200 2 6300 18 
l-Alkyl,2-arachidonoyl PC 340  2.6 5100 600 
l-Stearoyl,2-arachidonoyl PCb 570  2.4 6200 13 

"Determined by nonlinear regression analysis as described else- 
where (4). 

Values obtained from Ref. 4. 

[FATR ACID] (!AM) 

FIG, 1. Dose response curve showing effects of eicosatetray- 
noic acid (0, ETYA), 1'7-octadecynoic acid (0, ODYA), and 
7,7-dimethyl-5,8-eicosadienoic acid (A, DEDA) on phospho- 
lipase Az activity toward dipalmitoyl-PC under standard as- 
say conditions. 
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~~ 

Compound 20% Inhibition IC50 

P M  FM 
Eicosatetraenoic  acid  ND“  ND 
17-Octadecynoic  acid 200 ND 
7,7-Dimethyl-5,8-eicosadienoic acid I 16 
Manoalide 3 13 
Manoalogue 8 26 
p-Bromophenacyl bromide 250  550 
Quinacrine 800 ND 
Indomethacin ND  ND 
ND,  not  detected a t  concentration  range used  (see text). 

B a: 
n 1  l a  1 aa 1 oao 

[INHIBITOR] (!A) 

FIG. 2. Dose response curve  showing the effect of manoalide 
(0) or manoalogue (A) on phospholipase Az activity toward 
dipalmitoyl-PC under standard assay conditions except that 
buffer was 20 mM Tris-HC1, pH 8.0. Manoalide  and manoalogue 
were each  preincubated  with  the enzyme at   the concentration  indi- 
cated for 30 min before addition of substrate.  During  assay,  the 
inhibitor  concentrations were diluted by 10% from  the  concentrations 
shown for the  Preincubation. 

(1% of final volume) over a  concentration range of 3-300 pM. 
Because manoalide and manoalogue  have been shown to be 
irreversible inhibitors of cobra (5, 8) and bee (6) venom 
phospholipase A,, they were preincubated with the enzyme in 
glycine buffer, pH 9.0 (final volume,  450 pl) for 30 min. 
Calcium and dipalmitoyl-PC (50 pl) were added to  start  the 
assay. As observed in Fig.  2, manoalide was inhibitory with 
an ICs0 value of 16 pM as was manoalogue with an ICs0 value 
of  26 p ~ .  When the highly purified enzyme was used in an 
analogous dose-dependent experiment with manoalide, the 
ICso was 30 p~ (data  not shown). 

Manoalide and manoalogue were tested for their ability to 
irreversibly inhibit the enzyme. PLAz was preincubated with 
either manoalide or manoalogue at concentrations which  were 
observed in Fig. 2 to significantly reduce enzymatic activity. 
After the preincubation, an aliquot was removed and diluted 
IO-20-fold into  the assay. Thus,  the inhibitor  concentration 
in the assay was  10-20-fold less than in the preincubation. If 
the inhibition is irreversible, the level of inhibition should be 
the same before and  after dilution. However, if it is reversible, 
the inhibition would decrease when the inhibitor is diluted. 
The expected values for each inhibitor  concentration were 
obtained from the dose response curve presented in Fig. 2. 
The results for both manoalide and manoalogue are shown in 
Table 111. Monalide was preincubated at 30 p ~ ,  then diluted 
20-fold to 1.5 pM in the assay mixture, and  there was  no 
inhibition observed, indicating reversible inhibition. Had the 
inhibition been irreversible, the rate should have been inhib- 
ited at least 70%, corresponding to an inhibitor  concentration 
of 30 p ~ .  A similar result was observed when the manoalide 
concentration  during the preincubation was set at 100 p~ and 
then  it was diluted to 10 p~ during the assay (see Table 111). 
Manaologue was preincubated at 250 p~ and in the assay 

diluted to 12.5 p ~ .  It also showed reversible inhibition since 
the enzyme  was  only inhibited 25%, the same inhibition 
observed for 12.5 p~ manoalogue in the dose response exper- 
iment (Fig. 2). 

Inhibition Studies with p-Bromophenacyl Bromide, Quina- 
crine, and Indomethacin-PBP and quinacrine were tested 
for  their ability to inhibit PLAz in a dose-dependent manner 
as described above. Both  inhibitors were first preincubated 
with enzyme  for 30 min in the absence of calcium and  sub- 
strate. Quinacrine, over a  concentration range of 10-800 pM, 
was not significantly inhibitory as shown in Fig.  3. At  800 pM, 
eight times the substrate  concentration, quinacrine inhibited 
the enzyme by only 20%. PBP, tested over a range of 10-600 
KM was shown to be only somewhat more inhibitory than 
quinacrine with an  apparent ICs0 of 550 pM. As shown in Fig. 
3,  no greater than 50% inhibition was  observed at  the highest 
concentrations obtainable because of the limiting solubility 
of PBP. Varying the preincubation time (at 500 p ~ ) ,  from 0 
to 120 min, showed  no further increase in inhibition. Fur- 
thermore, when the highly purified enzyme  was  used under 
analogous conditions, again, no  more than 50% inhibition was 
observed at the limiting solubility of 500 p~ (data  not shown). 

Indomethacin was tested to determine if it was inhibitory. 
It was preincubated with PLA2 at a high concentration (500 
p ~ )  to see if any inhibition could  be observed over time. The 
study was performed analogous to  PBP with the final concen- 
tration in the assay of 50 p ~ .  The experiment showed indo- 
methacin inhibited the enzyme to  less than 10%  and did not 
increase with time over 2 h incubation (data  not shown). This 
study indicates indomethacin is neither an irreversible nor a 
reversible inhibitor. 

Arachidonic Acid Metabolism in P388D1 Celk-P388Dl cells 
constitutively release small amounts of PGEz  and  PGIz  into 
the culture medium. The constitutive and calcium ionophore 
A23187 (0.5 p ~ )  stimulated eicosanoid production in  P388D1 
cells as shown in Table IV. Stimulation of cells for 4  h with 
the calcium ionophore A23187 (0.5 p ~ )  results in an increased 
production of PGEz  and immunoreactive PGD, as  the major 
cyclooxygenase metabolites. Stimulation also results in the 
minor production of PGIz and TXA,. Similar profiles of 
arachidonic acid metabolites were also obtained with melittin 
and  platelet-activating factor as  stimulants  (Table  IV).  Other 
compounds which are known to stimulate  prostanoid produc- 
tion in macrophage cultures were evaluated in P388D1 cells 
but did not significantly stimulate  PGE2 or 6-keto PGF1, 
production; these compounds included zymosan (500 pg/ml), 
lipopolysaccharide (10 pg/ml), interleukin 1 (1 nM), tumor 
necrosis factor (58 nM), interferon-y (1000 units/ml), phorbol 
myristate  acetate (1 p M ) ,  f-Met-Leu-Phe (10 pM),  concana- 
valin A (100 pg/pl), cholera toxin (1 pg/ml), pertussis toxin 
(200 ng/ml), thrombin (1 unit/ml), bradykinin (10 p ~ ) ,  for- 
skolin (25 pM),  or various combinations of these compounds. 

In general, the relative amounts of immunoreactive pros- 
taglandins also agree with those obtained from stimulation of 
P388D1 cells prelabeled with [3H]arachidonic acid (coelution 
of 3H-labeled metabolites with authentic  standards on thin 
layer chromatography) as shown in Table V. However, the 
amount of PGD, relative to PGE, by thin layer chromatog- 
raphy analysis was only %fold greater, in contrast to  the 10- 
fold greater amount of “immunoreactive” PGD, relative to 
PGE2, suggesting that  the PGD, antisera may not be  highly 
specific. The [3H]arachidonic acid metabolite profile also 
shows that a significant amount of unmetabolized arachidonic 
acid is present with unstimulated cells which  may  be related 
to  the increased turnover of fatty acids in the phospholipid 
pools into which [3H]arachidonic acid is incorporated. 
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TABLE I11 
Distinction between  reversible and irreversible inhibition for munoalide and manoalogue 

Conc. 
Inhibitor 

Inhibition 

Preincubation“  Assayb  Predicted’ reversible Predicted  irreversible  Experimentally  found 

@ IrM % inhibited 
Manoalide 30 1.5 <lo 70 0 

100 10.0 45 85 60 

Manoalogue 250 12.5 25 >95 25 
Enzyme was preincubated with inhibitor a t  the designated concentration for 2 h. 

Predicted values were obtained as described under “Results.” 
* Inhibitor concentration after dilution for assay. 

i 
8 I , , , , ,  , , , , ,  , ,  , , , , I  I O  
& 1  10 100 1000 

[INHIBITOR] (!A) 

FIG. 3. Dose response curve showing  effect of quinacrine 
(0) and p-bromophenacyl bromide (0, PBP) on phospholipase 
Az activity toward dipalmitoyl-PC under standard assay con- 
ditions. These inhibitors were each preincubated with the enzyme 
at  the concentration indicated for 30 min before addition of substrate. 
During assay, the inhibitor concentrations were diluted by 10% from 
the concentrations shown for the preincubation. 

TABLE IV 
Prostanoid production by P388D1  macrophage-like  cells 

Stimulus 
Eicosanoid” 

PGEz PGD,  6-Keto-PGF,, TXB, 
ng rng protein” 

None 3.2 k 0.4  35.7 * 1.8 1.1 * 0.1 NDb 

Melittin 31.5 -t 4.6  311.0 * 22.4 1.5 & 0.2  0.62 & 0.04 

PAF‘(1 pM) 10.9 k 1.7  55.7 -t 6.6 2.1 * 0.1 0.42 +. 0.1 

A23187  (0.5 pM)  15.7 ? 1.3 138.2 -+ 8.6  2.3 & 0.1  0.71 * 0.1 

(0.5 pg  m1-I) 

P388D1 cells were stimulated for 4 h at 37 “C, and  the released 
arachidonate metabolites were measured by RIA. The  data represents 
the mean * S.E. of at least three determinations. 

* ND, below detection limit of RIA. 
‘Platelet-activating factor contained 1.0 p~ cytocholasin B to 

prevent chemokinesis; cytocholasin B alone had no effect on prosta- 
noid production. 

TABLE V 
Profile of 3H-labeled arachidonic acid (AA) metabolites from calcium 

ionophore A23187-stimulated P388D1 cells 
Eicosanoid 

Stimulus 
~~ 

PGF2, TXB, PGEz PGDz AA 

cprn 
None 210 150 330 450 860 
A23187 (0.5 pM) 430 230 1180 3290 2020 
% of control 210 150 360 730 230 

Effect of Phospholipase Inhibitors  on  the  Production  of PGE2 
by P3880,  Cells-Three of the compounds shown to inhibit 
the activity of the isolated P388D1 PLA2 i n  vitro (see Figs. 1 
and 2) were evaluated with respect to inhibition of  PGE2 

production in P388D1 cells in response to calcium ionophore 
A23187 stimulation. 

Manoalide has been shown to inhibit  PGE2  and LTC, 
production in resident mouse peritoneal macrophages (with 
an  apparent ICSo of 0.2 pM) (12). In P388D1 cells, manoalide 
also inhibited PGE2 production by  20 and 43% at 0.25 and 
0.5 p ~ ,  respectively  (Fig. 4). Extrapolation of an apparent 
IC60 value  would  give 0.6 pM. However,  doses of manoalide 
greater than 0.5 p~ resulted in loss of cell viability ((90% 
cell viability) as determined by trypan blue exclusion tests. 
Therefore, the apparent toxicity of manoalide in P388D1 cells 
may limit its application for the  further evaluation of the 
arachidonate release mechanism in  this cell line. 

The synthetic manoalide-like analog, manoalogue (8) is 
essentially equivalent to manoalide in its ability to inhibit the 
P388D1 PLA2 (see Fig. 2). Manoalogue was also an effective 
inhibitor of PGE2 production in P388D1  cells. There was a 
dose-dependent inhibition of PGE2 production with an  ap- 
parent ICso of 1 p~ (Fig. 4). Maximum inhibition of PGE2 
production was 70% at 2 p ~ .  Doses of manoalogue greater 
than 2.0 p~ resulted in loss of cell viability. This inhibition 
apparently does not involve the cyclooxygenase enzyme as 
exogenous arachidonic acid was metabolized normally in the 
presence of 1 p~ manoalogue  where 50% inhibition of PGE2 
production occurs (data  not shown). Manoalogue appears to 
be  %fold less potent  than the  parent compound, manoalide. 
However,  manoalogue is approximately 4-fold less toxic, and 
therefore may  be  more applicable as  a pharmacological probe 
in P388D1  cells. Manoalide and manoalogue apparently  in- 
hibit at lower concentrations in the  intact cell than in the in 
vitro phospholipase A2 assay. However, these are very differ- 
ent systems and one does not know, at this time, the effective 
concentrations of these  inhibitors  in the  intact cell, the sub- 
strate form or enzyme form or how to compare them directly. 

1 
5 .  1 , , , , , , , , , , , , , 1 
a 0  

0.05 0.10 1 .o 5.0 
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FIG. 4. Effect of manoalide (0) and manoalogue (m) on PGEa 
production in P388D1 cells. P388D1 cells were stimulated with 0.5 
p~ calcium ionophore A23187 for 4 h,  and the cell culture medium 
was assayed for PGE, by RIA as described under “Experimental 
Procedures.” 
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Unsaturated  naturally occurring fatty acids are  potent com- 
petitive inhibitors of the P388D1 PLAz (4).  The arachidonic 
acid analog DEDA inhibits PLA2 in vitro (see Fig. 1) and  is 
also an effective inhibitor of PGEz production as shown in 
Fig. 5. DEDA  dose dependently inhibited PGE2 production 
with an ICso of 2 ~ L M  and at  the highest concentration  tested, 
10 p ~ ,  inhibition of 85% was obtained (cell viability was not 
affected at these doses). However,  DEDA inhibited the me- 
tabolism of exogenously applied arachidonic acid (2 p M )  by 
40% at 10 pM,  suggesting an effect on the cyclooxygenase 
enzyme (data  not  shown). 

Other compounds which  have been demonstrated to inhibit 
PGE2 production by inhibition of arachidonic acid release, p -  
bromophenacyl bromide and dexamethasone, only slightly 

0.1 1 .o 10 50 

[DEDAI ( P M )  

FIG. 5. Effect of DEDA (0, 7,7-dimethyl-5,8-eicosadienoic 
acid) on PGEz production in P388D1 cells stimulated as in 
Fig. 4. 

TABLE VI 
Effect of cyclooxygenase,  lipoxygenase,  and  possible  phospholipase Az 
inhibitors  on PGEp production  and  rHlarachidonic acid release i n  

P388D1 cells 

Compound Conc. PGE, production" [3H]Arachidonic 
acid releaseb 

W % of control % of control 
Manoalide 0.5 53  69 

Manoalogue 0.5 101 ND' 
1.0  47 65 
2.0 30 35 

DEDA 0.5 120 ND 
1.0 75 90 
5.0 38  92 

10 15 88 

Indomethacin 0.1 0 ND 

BW755c 1.0 59 ND 
10.0 0 ND 

PBPd 0.5 92 ND 
1.0 86 ND 

Dexamethasone 10 92 ND 
100 202 ND 

PGEz production measured by  RIA in response to A23187 (0.5 

observed. When this was below the level of detection for the RIA, 0% 
FM) stimulation  under  conditions in which minimal toxicity was 

is indicated. 
* [3H]Arachidonic acid release measured in the presence of 0.1% 

bovine serum  albumin  (essentially fatty acid free) from 1 x lo6 
P3888D1 cells prelabeled for 18 h with [3H]arachidonic acid and 
stimulated for 4 h with A23187 (0.5 WM). 

e ND, not  determined. 
Concentrations of PBP greater than 1 p~ were toxic to P388D1 

cells. 

inhibited or potentiated  PGEz production, respectively, in 
P388D1 cells as shown in Table VI. Table VI also shows that 
the cyclooxygenase/lipoxygenase inhibitors, indomethacin 
and BW755c,  were  very effective at inhibiting  PGEz produc- 
tion in P388D1  cells. 

Inhibitor Effects of fH1Arachidonic Acid  Release-The ef- 
fects of manoalide, manoalogue, and DEDA on [3H]arachi- 
donic acid release from prelabeled P388D1 cells are shown in 
Table VI. Manoalide and manoalogue inhibited the release of 
[3H]arachidonic acid from P388D1 cells, and  this inhibition 
correlates well with the observed reduction in PGEz produc- 
tion. However, with DEDA, there was  no dose-dependent 
inhibition of [3H]arachidonic acid release. Only 12% inhibi- 
tion of 3H release was observed at 10 p~ DEDA  which 
corresponds to  an 85% inhibition of PGEz production. 

DISCUSSION 

The membrane-associated Ca2+-dependent PLA2 is a likely 
candidate for the PLAz involved in arachidonic acid release 
(2) and  has been isolated and characterized kinetically. Char- 
acterization of the effects of inhibitors on this isolated enzyme 
correlated with their effects on PGEz production in the  intact 
cell  would  be essential to prove the involvement of this 
enzyme  in the arachidonate release mechanism. Thus, we 
have initiated  a systematic search for the enzyme  involved in 
arachidonic acid release by evaluating inhibitors in the  intact 
cell  which are  potent  inhibitors of the Ca2+-dependent PLA2 
in vitro. 
PLAz Activity Toward Ether PC-1-Ether-linked phospho- 

lipids have been shown to be a major phospholipid component 
in immunologically active cells (15,16)  and also in the P388D1 
macrophage-like cell line (18). It has been suggested that  this 
subclass may  be the pool from which arachidonic acid for 
eicosanoid production is released (15, 17). PLAz specificity 
studies on these substrates have  given  mixed results (17, 22, 
23).  Our studies have  revealed  no significant preference for 
either  the diacyl or l-alkyl,2-acyl-PC. As previously observed 
with the diacyl-PCs (4), the ether  PCs showed  two distinct 
activities. At low substrate  concentrations, the activity 
showed a Michaelis-Menten dependence and at high substrate 
concentrations,  a Hill dependence with a coefficient of two. 
The Vmax and K,,, for both 1-acyl and 1-alkyl  PCs were 
comparable at  the low concentration range as were the V,,, 
values at  the higher concentrations. However, the K' for the 
ether  PCs in the Hill portion was larger than  that for the 
diacyl-PC. Apparently, an alkyl bond in  the sn-1 position does 
not seriously affect enzyme activity. This variability may  be 
due to  the enzymes inability to effectively bind the alkyl-PC 
vesicles, as compared to  the diacyl-PC vesicles. Overall, these 
results  are  consistent with those found previously (4) where 
the enzyme also showed little specificity for the polar group 
or  the  sn-2 acyl  group. If ether-linked phospholipids are  a 
pool  from  which arachidonic acid is preferentially released, 
the preference of the phospholipase A2 for ether lipids is not 
exhibited in vitro. 

Effects of Analogs of Natural  Fatty Acid on Enzymatic 
Actiuity-Unsaturated fatty acids were previously shown to 
be inhibitors of the macrophage PLA2, particularly arachi- 
donic acid (4). Analogs of the natural  fatty acids were  used to 
further characterize this inhibition. ETYA, an inhibitor of 
cyclooxygenase and lipoxygenase (24, 25), is identical to ara- 
chidonic acid in carbon number and position of the  unsatu- 
ration  but  contains  triple bonds instead of double bonds. 
ETYA showed no dose-dependent inhibition of PLAz activity. 
Another acetylenic-containing analog, ODYA, which contains 
a  triple bond between the terminal carbons was similar to 
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ETYA  in  that  it showed very little  inhibition. However, 
DEDA (13) was shown to  be  an effective inhibitor of the 
macrophage  enzyme  with an ICs0 similar  to  that of arachidonic 
acid (4). 

We believe these  results  are  consistent  with previous find- 
ings on  fatty acid inhibition  (4). Although it  might seem that 
ETYA  should be a t  least as good an  inhibitor as arachidonic 
acid, it  should be noted  that  these  fatty acids are  actually 
quite  different  structurally. Arachidonic  acid with its cis- 
double bonds  contains  “kinks”  and  cannot  attain a  fully 
extended  conformation  in vesicles like  a saturated  fatty acid. 
On  the  other  hand,  ETYA  is  linear at its  triple bonds, and 
therefore  its  conformation may approach  that of a saturated 
fatty acid rather  than a cis unsaturated  fatty acid. This  same 
argument of course would be applicable to  ODYA. We  have 
indeed  found that, analogous to  palmitic acid (4),  ETYA  and 
ODYA showed little  inhibition.  DEDA,  on  the  other  hand, 
contains two cis double bonds  as well as two methyl groups. 
This analog,  like arachidonic acid, cannot  attain  an  extended 
conformation  and  is  further  restricted from alignment  with 
other  fatty acid hydrocarbons because of the  methyl groups. 
And in  fact,  DEDA does inhibit  the P388D1 phospholipase A2 
like arachidonic acid. 

These  data suggest the  interesting possibility that  the more 
difficulty  a fatty acid has  in aligning precisely with other 
hydrocarbons,  the more inhibitory  it becomes. Thermal  stud- 
ies  on  phospholipids  have shown that  as  the degree of satu- 
ration of the acyl  groups  increases, the  transition  temperature 
(the  point where the  membrane becomes fluid as a result of 
changes  in hydrocarbon  packing)  increases. This hydrophobic 
interaction could be extended  to  fatty  acids  as well. Saturated 
fatty acids  could associate more tightly with other  fatty acids 
and acyl groups than cis unsaturated  fatty acids. This lack of 
alignment  due  to cis unsaturation would consequently in- 
crease the  area/headgroup at   the interface for these  fatty 
acids  sufficiently to  make  them accessible to  the PLA, active 
site.  Therefore, increasing the  amount of unsaturation  (or 
bulky  groups) increases  this accessibility, thereby  making  it a 
better  competitive  inhibitor. 

Inhibition by Manoalide and Manoalogue-Dose response 
studies revealed both  manoalide  and manoalogue to be very 
effective inhibitors of the macrophage  enzyme with ICs0 values 
in  the low micromolar  range. This effect was also  confirmed 
with  the highly purified enzyme. However, the  inhibition was 
apparently reversible in  contrast  to  the  inactivation of both 
cobra ( 5 )  and bee venom (6) PLA2. When  the enzyme was 
preincubated  with  inhibitor at  high concentrations (shown in 
the dose response curves to yield significant  inhibition)  and 
then  diluted  into  the assay, the observed inhibition was  equiv- 
alent  to  that expected for the  final  concentration,  not  that of 
the  preincubated  concentration.  This  contrast with the  extra- 
cellular  enzyme in  the  type of inhibition, suggests there  are 
distinct differences  between the two types of  PLAZ. 

p-Bromophenacyl  Bromide  Studies-Another potent  irre- 
versible inhibitor, PBP (9), was examined for its  ability  to 
inhibit  the macrophage  PLA2. Dose response  curves showed 
PBP  to  have an  apparent ICs0  of  500-600 pM, the  limits of 
solubility of this compound. This  inhibition,  at  concentrations 
greater  than five times  the  substrate, may be  the  result of 
PBP changing  the  integrity of the  interface.  The hydrophobic 
nature of PBP suggests that  it may be  intercalating  into  the 
bilayer, particularly at higher concentrations.  This  partition- 
ing of PBP  has also  been  suggested  by Roberts  et al. (9). 
However,  regardless of the  type of inhibition,  the  fact  remains 
that PBP is a very poor inhibitor of this  enzyme.  This  result 
was  also :eproduced with the highly purified  enzyme as well. 

Here again, as with  manoalide and manoalogue, the  macro- 
phage  enzyme  shows  behavior that  is very distinct  from  its 
extracellular  counterpart. 

PBP  has  been  reported  to  inhibit  in some  cases (26, 27) 
and  not  in  others  (28).  For  example, a platelet PLA, was 
shown to be inhibited by PBP (29). However, the  final  con- 
centration of PBP  in  the  assay was  very  high (0.8 mM), 
making  the  type of inhibition  questionable, as was  discussed 
above. Perhaps  the ability of PBP to  inhibit  might reflect the 
difference  between an  intracellular enzyme and one that  is 
secreted from the cell or which might  act more  like the 
extracellular enzyme. 

Indomethacin  and Quinacrine  Studies-Indomethacin, a 
cyclooxygenase inhibitor  and  quinacrine,  an  antimalarial 
agent,  have been reported  to be intracellular PLA, inhibitors 
(28-31). Our  results showed neither  to significantly inhibit 
enzyme  activity.  A review of the  literature shows that  many 
(26, 28, 31) of the  assays  used  Escherichia coli membranes as 
substrate.  ETYA  inhibition  has  also been reported  for an  
intracellular  PLAz using the  same E. coli assay (26). This 
assay, although very convenient,  is  limited  with respect to 
substrate  concentration  (510 NM). Determination of  ICs0  Val- 
ues using this assay can  be misleading. For  instance,  an ICs0 
in  the micromolar  range,  which may seem low, may be at 
concentrations  equivalent  to,  and  in some instances  much 
greater  than  the  substrate. As discussed above for PBP, one 
must be concerned  with  the  integrity of the  interface when 
the  inhibitor is in  such high concentration relative to  the 
substrate,  particularly  with  amphiphilic compounds. 

Prostaglandin  Production  in P388D1 Cells-The P388D1 
cells  have the  capacity  to  respond  to soluble and  particulate 
stimuli  to produce prostaglandins (PGDZ,  PGEZ, PGI,, and 
TXA,), although  the levels of these eicosanoids are  consider- 
ably  less than  those  found  in  resident  or elicited peritoneal 
macrophages (100-1000 ng/mg protein  in  peritoneal macro- 
phages).  The  predominant  arachidonate  products  are  PGE, 
and  PGDz, while smaller  amounts of  PGF,,, PGII,  and TXAz 
were detected  in response to  the  stimuli  tested. P388D1 cells 
have a limited  capacity to  produce TXAz analogous to  resident 
periotoneal macrophages  where  TXBz is  produced  in lesser 
quantity  than  either  PGEz or PGIz (32). The arachidonate 
metabolic  profile of P388D1 cells  suggests that  they  do  not 
resemble the elicited or  activated macrophage in which there 
is a reduced production of PGEz  and PGI2 (33),  but  TXAZ  is 
conserved as  the major  eicosanoid product (32). The P388D1 
cell phenotype  appears  to  better  approximate  the  resident 
macrophage phenotype where the  arachidonate profile is dom- 
inated by either PGEz or  PGIz  production (32). 

The  production of PGDz  is commonly found  in  macrophage- 
like cell lines including J774A.1, WR19M.1, RAW264.7, and 
P388D1 cells (34-36) and  is  comparable  to  or  greater  than 
PGE,  production by these cells. The greater production of 
PGDz  as  compared with  PGE, in  some of these  transformed 
cell lines  is  opposite of what is observed in  resident  peritoneal 
macrophages and  has been  suggested to  be  due  to  the  trans- 
formed phenotype  or  the  clonal  expansion of a subpopulation 
of the P388D1 cell (34). Aside from this  alteration  in  PGDz 
production,  the P388D1 cell appears  to  respond  to  the  various 
stimuli  as would normal  peritoneal macrophages. 

Inhibition  Studies  in P388D1 Cells-Indomethacin, B W755c, 
and Dexamethasone-The cyclooxygenase inhibitor  indo- 
methacin (0.1 p ~ )  was a very effective inhibitor of PGEz 
production in P388D1 cells as was the  dual cyclooxygenase/ 
lipoxygenase inhibitor BW755c (10 pM). It is interesting  to 
note  that  these two compounds  did  not  inhibit  the P388D1 
PLA,. Therefore,  the effects  seem to reside  solely at the 



P388D1 Cell Inhibition Studies 8527 

cyclooxygenase and lipoxygenase levels in P388D1 cells. 
The glucocorticoid, dexamethasone, which has  been sug- 

gested to  inhibit  prostaglandin  production by inducing  anti- 
phospholipase  proteins  (lipocortins) was not  inhibitory  in 
P388D1 cells under  the  experimental  conditions employed. 
Dexamethasone may actually  potentiate PGEz production  (at 
100 p ~ )  in P388D1 cells. Interestingly,  in  human  amnion 
cells, dexamethasone  caused  both an  increase in  lipocortin 1 
and PGE, production (37). 

PBP Studies  in P388D, Cells-The effect of PBP on  the 
extracellular PLAz is well known.  However, as discussed 
earlier,  the effects of PBP on  intracellular enzymes are less 
certain. Considering this  type of ambiguity, it  is of interest 
that PBP apparently does not significantly inhibit PGEz 
production  in P388D1 cells. Concentrations of PBP below 
those which were cytotoxic (>1 pM) showed  only slight  inhi- 
bition of PGEz production (8% at 0.5 pM and 14% at 1 pM).  
The lack of inhibitory  activity of PBP correlates  with  the 
observation  that PBP is a very poor inhibitor of the  Ca2+- 
dependent PLA,. Inhibition of peptidoleukotriene  and  pros- 
taglandin  production  in  other cell types has been observed 
with PBP at much higher concentrations,  ranging  from 10- 
100 PM (13, 14). This  aspect  emphasizes  the  importance of 
the  correlation of inhibitor effects in vitro on  the purified 
enzyme  with the in vivo effects of the  inhibitor when  evalu- 
ating  inhibitors of prostaglandin  production/arachidonic acid 
release. 

Effects of Manoalide  and  Manoabgue in. P388D1 Cells- 
Manoalide  has  been shown to  inhibit PGE2 and  LTC,  pro- 
duction  in  resident mouse peritoneal macrophages and  to 
modify arachidonic acid  release from cells  prelabeled with 
[3H]arachidonic acid (12). Manoalide was a good inhibitor of 
PGE2 production  in P388D1 cells but was  toxic to  these cells 
at doses greater  than 0.5 p ~ .  Manoalide is a very reactive 
molecule (7) which is a potent  inhibitor of the  extracellular 
( 5 ,  6) and  intracellular  forms of PLAz (results  presented 
herein).  Manoalide  has  also  been shown to  inhibit  [3H]ara- 
chidonic  acid  release from  rabbit polymorphonuclear  leuko- 
cytes  and cellular homogenate PLAz activity suggesting a 
direct  correlation of inhibition of PLA, and decreased arachi- 
donic acid  release (38). In P388D1 cells, manoalide  inhibits 
both PGEz production  and  [3H]arachidonic acid  release and 
considering  the  in vitro phospholipase Az data suggests a 
correlation between inhibition of phospholipase A2, arachi- 
donic acid  release and PGE, production.  The use of manoalide 
to  evaluate  the  arachidonic acid  release mechanism  in P388D1 
cells therefore  appears to be  limited by its toxicity, which in 
part may be  attributed  to  other effects of manoalide,  most 
notably  the decreased  calcium  mobilization (39) or  inhibition 
of phospholipase  C (40). 

However, the  manoalide analog,  manoalogue, is  apparently 
not  as  potent  as  manoalide,  apparent IC50 = 1 p~ but was 
much less toxic  to P388D1 cells. Manoalogue  showed  a  dose- 
dependent  inhibition of PGEz production  and produced a 
maximum of 70% inhibition before reaching cytotoxic levels 
of this analog. This  result also correlates  with  the  observations 
with the  Ca2+-dependent PLA2 where  manoalogue (IC50 = 26 
pM) was slightly  less potent  than  manoalide (ICso = 16 p ~ ) ,  
but  they were essentially  equivalent at  higher  doses. These 
data suggest that manoalogue is an effective inhibitor of PGE2 
production  in P388D1 cells without  affecting  the  activity of 
the cyclooxygenase enzyme. The effect of manoalogue on 
arachidonic acid  release correlates with the observed  reduc- 
tion  in PGE, production suggesting that manoalogue  may be 
directly  affecting the release mechanism for arachidonic  acid 
which is suggested  by the  in vitro studies. 

DEDA Inhibition of PGE,  Production in P388D1 cells- 
Analogs of fatty  acids  such  as ETYA, ODYA, and DEDA 
have been  investigated predominantly for their effects on  the 
cyclooxygenase and/or lipoxygenase  enzymes (13,24, 25,411. 
Some of these analogs have  been shown to inhibit PLAz 
activity (13, 26). Since ETYA and ODYA had  no  effect  on 
the  Ca2+-dependent PLAz, they were not  evaluated  in  the 
intact cell. DEDA on  the  other  hand was a  very good inhibitor 
of the P388D1  PLA, (ICso = 16 pM) and also of PGEz produc- 
tion  in P388D1 cells (IC50 = 2 pM). DEDA was initially 
designed as  an  inhibitor for 5-lipoxygenase. However, its 
pharmacological evaluation  demonstrated  inhibition of pep- 
tidoleukotriene release (IC50 = 1-3 pM), inhibition of cobra 
venom PLA, in a  clearing assay with dipalmitoyl  phosphati- 
dylcholine  liposomes (IC5,, = 14 J”, weak inhibition of 5-  
lipoxygenase (56% at 100 p ~ ) ,  and  no  inhibition of sheep 
seminal vesicle cyclooxygenase (IC50 > 1000 pM) consistent 
with  a mechanism which may involve inhibition of PLAz in 
the whole cell studies (13). The ICs0 obtained in P388D1 cells 
for PGEz production  complements  the IC50 for  peptidoleuko- 
triene  production  in  rat  peritoneal  exudate cells, raising  the 
possibility that DEDA may be directly affecting  arachidonic 
acid  release in  the  intact cell. However, the lack of inhibition 
of [3H]arachidonic acid  release  from P388D1 cells and  the 
observed inhibition of metabolism of exogenously applied 
arachidonic acid  suggest that  in  the  intact cell DEDA may be 
affecting  the metabolism of arachidonic acid. 

Conclusion-Overall, the  response of the P388D1 enzyme 
to  these  inhibitors  correlates very well with their effects on 
prostaglandin  production  in  the  intact cell. The response of 
the  extracellular enzymes, on  the  other  hand,  do  not  correlate 
well. Therefore,  the  intracellular PLA, appears  to be a better 
candidate for the enzyme  releasing arachidonic acid in  the 
cell than would an  enzyme possessing the  characteristics of 
the  extracellular enzyme. Our  in vitro inhibition  studies have 
shown that  there  are  striking differences  between the  extra- 
cellular PLA, and  this  intracellular PLAz. PBP does not 
significantly  affect the P388D1 PLAz in vitro or PGE, pro- 
duction  in vivo. This is in  contrast  to  most  extracellular 
enzymes  which are more potently  inhibited by PBP, by mod- 
ification of the  active  site  His residue. Additional  differences 
were observed with manoalide and manoalogue. The P388D1 
PLAz was potently  inhibited by these compounds. However, 
this  inhibition  appears  to  be reversible. In  contrast, manoalide 
and manoalogue were effective irreversible inhibitors of ex- 
tracellular PLA2 (5-8). These  are  important  contrasts be- 
tween inhibitor effects on  the purified P388D1 PLA2 and 
extracellular-type enzymes. The  results  presented  herein  em- 
phasize that  caution  should be taken  to avoid biasing  the 
search for the eicosanoid relevant phospholipase to  one  that 
necessarily  behaves exactly  like  the  extracellular enzyme. 
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