Rat platelet phospholipase A, activity
and thromboxane synthesis are
concomitantly affected by dietary
linoleic acid
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Platelet thromboxane synthesis requires the release of arachidonic acid from the membrane phospho-
lipids by phospholipase A,. Regulation of thromboxane synthesis is by regulation of phospholipase A,
which may be affected by the fatty acid composition of the membrane in which phospholipase resides.
Male Sprague-Dawley rats were fed diets supplying 30% of energy (en%) as fat composed of corn oil
and beef tallow to provide 3.0, 4.5, 6.0, 7.5, or 9.0 en% linoleate, with cholesterol added to provide
equal cholesterol in all diets. Rats were fed for 30 days with eight rats/diet. Isolated platelets were
assayed for fatty acid composition, net phospholipase A, activity, and thromboxane synthesis. Liver
was analyzed for fatty acid composition. The percentage of linoleic acid in platelet and liver fatty
acids rose linearly with increasing dietary linoleic acid. Phospholipase A, activity and thromboxane
synthesis were correlated; both decreased as dietary linoleate rose. The concomitant changes in
platelet fatty acid composition, phospholipase A, activity, and thromboxane synthesis suggest that
membrane fatty acid composition is one site of control of phospholipase A, activity and thromboxane
synthesis in rat platelets when diets provide from 4.5 to 9.0 en% linoleate. Other factors may be

operative at lower linoleate concentrations.
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Introduction

Because linoleic acid is the dietary precursor of eico-
sanoids, much research has been done to determine
the effect of increased polyunsaturated fatty acids
(PUFA) in the diet on eicosanoid synthesis. A cellular
mechanism has not been elucidated for the general
observation that, when PUFA consumption is greater
than that sufficient to alleviate the accumulation of
eicosatrienoic acid indicative of essential fatty acid de-
ficiency, eicosanoid synthesis first increases and then
decreases, as the PUFA concentration of the diet rises
to 10% of energy (en%) linoleate.'
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In the platelet, phospholipase A, (PLA) releases ar-
achidonic acid from cellular phospholipids upon cel-
lular activation. The release of arachidonic acid is
required for the synthesis of thromboxane A, by
cyclooxygenase and thromboxane synthetase. All
three enzymes required for thromboxane synthesis are
located in platelet membranes.?

Ballou and Cheung** reported that potential PLA
activity in human platelets is greater than previous
studies have indicated because of the presence of an
endogenous inhibitor of its activity. Studies assaying
platelet microsomal PLA activity in the presence of
the cell fraction containing the endogenous inhibitor
or various lipids indicated that PUFA were the inhibi-
tors of PLA activity and that this inhibition was not
reversed by excess calcium, which is also required for
the activity of PLA. Therefore, the role of membrane
fatty acid composition effects on PLA in cellular acti-
vation and regulation of eicosanoid metabolism may
be important.

Marki and Franson® observed that in vitro alteration
of microsomal membranes of white blood cells to in-
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Table 1 Composition of experimental diets
Energy percentage linoleate
Ingredient 3.0 45 6.0 75 9.0
g/100g

Beef tallow? 13.70 12.20 10.80 9.20 7.80
Corn ail® 0.60 2.10 3.50 5.10 6.50
Casein® 22.35 22.35 22.35 22.35 22.35
Sucrose® 26.43 26.43 26.43 26.43 26.43
Corn starch® 26.43 26.43 26.43 26.43 26.43
Cellulose® 5.03 5.03 5.03 5.03 5.03
AIN mineral mixture 76° 3.93 3.93 3.93 3.93 3.93
AIN vitamin mixture 76° 1.11 1.11 1.1 1.11 1.11
L-methionine® 0.33 0.33 0.33 0.33 0.33
Choline chioride' 0.08 0.08 0.08 0.08 0.08
Ascorbic acid (antioxidant)' 0.01 0.01 0.01 0.01 0.01
Cholesterol (mg/100 g)f 0.00 1.60 3.16 4.90 6.40

@ Purchased from Meat Laboratory, Department of Animal Science, lowa State University, Ames, IA.
® Purchased from lowa State University Food Stores: Mazola Corn Qil, Crystal Sugar, and Argo Corn Starch.

¢ Purchased from United States Biochemical Co., Cleveland, OH.
4 purchased from Teklad, Madison, WI.

¢ Purchased from ICN Nutritional Biochemicals, Cleveland, OH. Composition as described in J. Nutr. 107, 1340—1348.

"Purchased from Sigma Chemical Co., St. Louis, MO.

crease PUFA proportion decreased PLA activity.
Needleman et al.® demonstrated that incubating plate-
lets with linoleic acid to increase the linoleic acid con-
tent of their phospholipids served to decrease throm-
boxane synthesis. Sato et al.” showed that incubation
of platelets with linoleic acid, but not other 18-carbon
fatty acids, interfered with platelet aggregation and the
synthesis of thromboxane from exogenously added ar-
achidonic acid. The rise in cytosolic free ionized cal-
ctum, required for activation of PLA and enzymes re-
quired for synthesis of thromboxane, was inhibited by
the same concentration of linoleic acid that inhibited
aggregation and thromboxane synthesis. This suggests
that the action of free linoleic acid upon platelet acti-
vation is through interference with the receptor-
operated calcium channel.

The conditions for stimulation of platelets to pro-
duce thromboxane determine the degree of association
of thromboxane synthesis with platelet linoleate. Mild
conditions (i.e., clotting blood without added factors
or stimulation of isolated platelets with collagen) result
in decreases of thromboxane synthesis with increases
in linoleate.®® The strong stimulation of platelets with
thrombin, analogous to traumatic injury, however, re-
sults in maximum thromboxane synthesis and the syn-
thesis is not correlated with either linoleate or arachi-
donate.*>!?

In our study, phospholipase A, activity and throm-
boxane synthesis were measured in platelets from rats
fed diets that differed primarily in fatty acid composi-
tion, with the cholesterol content of all diets held con-
stant. Two dietary fat sources, beef tallow and corn
oil, were combined in five different proportions to for-
mulate diets that would achieve different fatty acid
profiles in the rat’s platelets.
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Materials and methods
Animals and diets

This research was approved by the Iowa State Univer-
sity Vertebrate Animal Use Committee. Forty 8-
week-old male Sprague-Dawley rats were purchased
from Amitech (Omaha, NE). They were housed in a
room maintained at 22° C and approximately 50% rela-
tive humidity. After 2 days of acclimation with feeding
of Mouse/Rat Diet (6% fat, Teklad, Winfield, IA), they
were assigned to experimental diets in a randomized
block experimental design. The blocks represented the
days that rats were sacrificed and that samples were
processed.

The experimental nutritionally complete diets sup-
plied 30 en% fat. The dietary fat was composed of
different proportions of corn oil and beef tallow to
provide 3.0, 4.5, 6.0, 7.5, or 9.0 en% linoleic acid,
with cholesterol added as required to provide equal
cholesterol in all diets (Table 1). The fatty acid compo-
sition of the corn oil and beef tallow used to prepare
the diets was analyzed. Cholesterol was added based
on previous determinations.'' Rats were fed ad libi-
tum with eight rats/diet. Food consumption was de-
termined over 48 hr after 3 weeks of feeding. Tap wa-
ter was available ad libitum for drinking. Rats were
weighed weekly.

After 30 days of feeding, rats were fasted overnight.
Food was returned to the rats the next morning to
control the postprandial time. Two to three hours after
food was returned to each rat, the rat was anesthetized
with ether. Nine milliliters of blood was drawn from
an exposed jugular vein into a syringe containing 1
ml acid citrate dextrose anticoagulant (4.5 g% sodium
citrate, 2.7 g% citric acid [monohydrate], 3.6 g% dex-
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trose). The rats were then killed by exsanguination by
severing the aortic artery. The liver was then excised,
and a 0.5-g sample in 5 ml pH 7.4 50 mm phosphate
buffer was homogenized with 10 passes of a Potter-
Elvejhem homogenizer. A 0.5-mi aliquot of the liver
homogenate was frozen on dry ice and stored at —80°
C for later fatty acid analysis.

Platelet preparation

Platelets were isolated from the anticoagulated blood
by centrifugation by using a modification of the pro-
cedure of Hallam et al.’> Anticoagulated blood was
first centrifuged at 700g for 5 min. The supernatant
platelet-rich plasma (PRP) was recentrifuged at 700g
for 5 min to remove contaminating red and white blood
cells. The PRP was then centrifuged at 400g for 20 min
to sediment the platelets. The plasma was removed
and platelets were washed twice and resuspended in
an equal volume of HEPES buffered saline (HBS) (145
mM glucose, pH 7.4). This resulted in a platelet sus-
pension containing approximately 2 x 10® cells/ml.
The purity of platelet suspensions was determined by
microscopic observation of several smears of PRP pre-
pared by this procedure, which were stained with
Wright's stain (Fisher Scientific, Silver Spring, MD).
At least 98% of all cells observed were platelets.

Fatty acid analysis

All steps of the analysis were performed with the sam-
ples kept under a nitrogen atmosphere. Samples of
beef tallow and corn oil were dissolved in chloro-
form : methanol (2: 1), dried under a stream of nitrogen
in glass culture tubes with teflon-lined caps, and sa-
ponified in 10% ethanolic KOH.

Platelet total fatty acids were determined in frozen
and thawed platelets saponified in the same manner as
pure fats. Neutral lipids were extracted with petro-
leum ether (BP 35-65° C), the residue acidified and
free fatty acids were extracted with petroleum ether.
The fatty acid extracts of platelet, dietary fat, and liver
samples were methylated by using BF3 in methanol
(Alltech, Deerfield, IL). Methylated fatty acids were
analyzed by gas chromatography using a Varian 3700
gas chromatograph (Walnut Creek, CA) as previously
described.’

Phospholipase A, activity

Platelet phospholipase A, (PLLA) activity was assayed
by using a modification of the procedure of Ballou and
Cheung.? A 450 ul aliquot of the washed platelets in
pH 7.5 TRIS/NaCl buffer was incubated at 37° C with
50 wl of substrate that contained approximately 0.03
nCi of 1-palmitoyl-2-[1-1*C]arachidonyl-sn-glycerol-3-
phosphatidyl choline, specific activity 54.9 mCi/mmol
(New England Nuclear, Boston, MA), in substrate
buffer containing 50 mM taurocholic acid, 20 mm cal-
cium chloride, and 0.05 g% fatty acid-free bovine se-
rum albumin. Taurocholic acid (5 mm) was used as a
biological amphipath in the assay to aid in delivery of
substrate to the PLA enzyme. The concentration used

was comparable to the total bile acids found in human
serum.'® The calcium chloride addition served to stim-
ulate platelet activity.

At substrate addition and after 40 min incubation,
100 ul aliquots of the reaction mixture were added to
100 pl of 100% ethanol containing 2% glacial acetic
acid and 330 pm arachidonic acid (to serve as a carrier
in the thin-layer chromatography separation described
below). [1-“C] arachidonic acid released in each ali-
quot was separated from labeled substrate by using
thin-layer chromatography on 250 umMm silica gel G
plates (Fisher Scientific) with ethyl acetate : acetic acid
(99:1, vol/vol) as the solvent system. Bands of the
silica gel corresponding with arachidonic acid (Nu-
Chek-Prep, Inc., Elysian, MN) and phosphatidyl cho-
line (Sigma Chemical Co., St. Louis, MO) were
scraped into scintillation vials; Bioscintiverse BD
(Fisher Scientific) was added, radioactivity was deter-
mined by liquid scintillation counting in a Tri-Carb
Liquid Scintillation Spectrophotometer (Model C2425,
Packard Instruments, Downers Grove, IL) using the
external standards ratio method to correct for quench-
ing and to calculate dpm of radioactivity.

Tests performed with platelets suspended in pH 7.0
and pH 8.0 TRIS/NaCl buffers demonstrated that
PLA activity was greater at pH 8.0, but not signifi-
cantly higher than activity at pH 7.5 (data not shown).
PLA activity was significantly less when platelets
were suspended in pH 7.0 buffer. The pH 7.5 TRIS/
NaCl buffer was chosen for the assay because it re-
flects a more physiological pH than pH 8.0 and better
mimics in vivo conditions. The 40-min incubation was
selected to achieve maximum PLA activity in the least
time (Figure 1). Fatty acids released by phospholipase
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Figure 1 Phospholipase A, activity (pmol '*C-arachidonic acid
released per mg platelet protein) and thromboxane synthesis (pmol
TX synthesized per mg platelet protein) during a 60 min incubation.
Symbols in the figure represent: -8 PLA activity; - TX synthesis.
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activity are reincorporated rapidly into other phospho-
lipids or triglycerides so it is possible to quantitate
only the net release of arachidonate, not the absolute
amount that may have been recycled. Therefore, the
PLA activity we report is actually the net release of
"C arachidonic acid from the labeled phosphatidyl
choline tracer used.

Thromboxane B, synthesis

At the same time points as for the PLA assay, 100 pl
aliquots of the PLA reaction mixture were added to
20 pl of 42 mm aspirin in saline to stop TX synthesis,
and the samples were frozen on dry ice and stored at
—20° C. Double antibody radioimmunoassay of TX,
by using *H-TX (New England Nuclear, Boston, MA)
to bind antibody competitively, was performed as de-
scribed previously,'“!> with dual channel counting
used to correct for the "C activity in the samples.
The TX antiserum had a cross-reactivity with 6-keto
prostaglandin F' of 20%. No correction was made for
this cross-reactivity. The concentration of “C-TX in
these samples was too small to determine the amount
of “C-TX synthesized from the "“C-labeled PLA assay
substrate, so only endogenously derived TX was de-
termined. TX synthesis over 1 hr was parallel with net
PLA activity with both plateauing at 40 min.

Protein analysis

All platelet suspension remaining after use for other
analyses was frozen on dry ice and stored at —20° C
for later protein analysis, which was performed by us-
ing the procedure of Lowry et al.!® Fatty acid-free bo-
vine serum albumen fraction V (Sigma Chemical Co.,
St. Louis, MO) was used as the protein standard.

Statistical methods

All analyses were done in duplicate for each sample.
Statistical analyses were done using the General Lin-
ear Model, Least Squares Means, and Pearson Corre-
lation Coefficients procedures of Statistical Analysis
System, version 5.16, Cary, NC.

Table 2 Platelet total fatty acids of rats fed experimental diets

Results
Animals and diets

There were no differences in the growth rates of rats
fed different diets. There was no significant difference
in food consumption due to diet.

Fatty acids

The results of platelet total fatty acid analysis are
shown in Table 2. The percentage of linoleic acid in
platelets increased with increasing concentrations of
dietary linoleate, resulting in a correlation between the
two (r = 0.873, P < 0.0001). Concurrently, the per-
centage of oleic acid in platelets decreased with in-
creasing concentrations of dietary linoleate (r
—0.829, P < 0.0001).

Phospholipase A, and thromboxane B,

The effects of increasing the percentage of dietary li-
noleate on platelet PLA and thromboxane synthesis
are shown in Figure 2. Platelet PLA was greatest for
rats fed the 3.0 and 4.5 en% linoleate diets. There was
a negative correlation between PLLA and percentage of
dietary linoleate (r —0.66, P < 0.0001).

Platelet thromboxane synthesis was greatest for the
rats fed the 4.5 en% linoleate diet. When the 3.0 en%
linoleate diet was fed, platelet thromboxane synthesis
was less than when the 4.5 en% linoleate diet was
fed. A similar relationship to that of PLA and dietary
linoleate is illustrated by a moderate negative correla-
tion between thromboxane synthesis and dietary lino-
leate (r —0.459, P < 0.003). The relationship be-
tween dietary linoleate and thromboxane synthesis is
much stronger when the data for rats fed the 3.0 en%
linoleate diet are omitted (r —0.740, P < 0.0001).
There was a trend for a quadratic relationship between
dietary linoleate and thromboxane synthesis (P <
0.08) as might be inferred by the stronger correlation
when the data for the rats fed the 3.0 en% linoleate
diets are omitted.

For all diets, PLA and thromboxane synthesis were

Fatty acid: Number C's:Number double bonds

Dietary linoleic acid 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4
en% % of total fatty acids*

3.0 0.29 0.84 35.67 0.25 17.82 15,128 4.252 0.53 25.24
4.5 0.33 1.07 35.81 0.67 18.05 13.912 517° 0.77 24.23
6.0 0.22 0.89 36.89 0.56 18.04 12.72° 5.95¢ 0.53 24.21
75 0.14 0.82 35.76 0.55 18.85 11.61° 6.65° 0.47 2515
9.0 0.22 0.83 36.19 0.37 18.80 11.49° 6.96¢ 0.43 24.68
Pooled SEM 0.08 0.15 0.49 0.16 0.39 0.34 0.19 0.12 0.92

*Values are means of eight rats per dietary group. Means with the same superscript letter or no superscript tetter are not significantly
different at the 0.05 confidence level as analyzed by least squares means.
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Figure 2 Effects of dietary linoleate on platelet PLA activity (pmol
4C-arachidonic acid released per mg platelet protein in 40 min)
and TX synthesis (pmol TX synthesized per mg platelet protein in
40 min). Points represent the mean for eight rats. Symbals in the
figure represent: -8 PLA activity;©-TX synthesis.

correlated (r = 0.51, P < 0.0008). The correlation be-
tween PLA and thromboxane synthesis was even
stronger when the data for rats fed the 3.0 en% linole-
ate diet were omitted (r = 0.61, P < 0.0002).

Discussion

The changes in platelet total fatty acid composition
caused by diet followed the same trends demonstrated
by Berlin et al.!” These changes are significantly differ-
ent due to dietary fatty acids only for the proportion of
oleic and linoleic acids of the total fatty acids. Because
linoleic acid is the dietary essential fatty acid precur-
sor of the thromboxane precursor, arachidonic acid,
it has sometimes been assumed that dietary linoleic
acid affects thromboxane synthesis by controlling the
amount of substrate available. However, platelet total
fatty acid composition shows that the arachidonic acid
concentration in platelets is unchanged by changes in
the linoleic acid content of diet. Though this suggests
that the total substrate pool of fatty acids is not the
factor influencing arachidonic acid release by phos-
pholipase A,, we do not know that platelet total fatty
acid composition reflected platelet phospholipid-
bound fatty acid composition. As shown in Figure 1,
when measured at the time of a plateau of synthesis,
the absolute amount of arachidonic acid released from
radiolabeled phosphatidyl choline is tenfold greater
than the absolute amount of thromboxane synthesized
at the same time. When considered in view of the me-
tabolism of the whole platelet, it is obvious that even
more than a tenfold difference between the amount of
arachidonic acid released and thromboxane synthe-

sized would be found because the radiolabeled phos-
phatidyl choline substrate represents only part of the
substrate pool for the action of phospholipase A,.
Such a ratio of substrate to product might suggest that
control of phospholipase A, activity, by any mecha-
nism, has no bearing upon the ultimate synthesis of
thromboxane in the same system.

The highly significant correlation between phospho-
lipase activity and thromboxane synthesis, which are
both significantly affected by diet, indicates otherwise.
Phospholipase A, and the enzymes involved in synthe-
sis of thromboxane, cyclooxygenase, and thrombox-
ane synthetase are all enzymes residing in the cell
membrane. The results of this experiment indicate it
is probable that all these enzymes are, at least in part,
regulated by the fatty acid composition of the phos-
pholipid bilayer in which they reside, not by substrate
availability. Ballou and Cheung®* have demonstrated
that micromolar concentrations of free PUFA inhibit
the activity of semipurified phospholipase A,. Addi-
tionally, increases in the PUFA content of microsomal
membrane preparations of white blood cells’ and
liver,'® produced by in vitro manipulations, also have
been shown to result in a decrease in phospholipase
A, activity. Our results indicate that inhibition of
phospholipase A, activity and thromboxane synthesis
occurs within the range of 4.5-9.0 en% dietary linole-
ate, but the values for these measurements with less
than 4.5 en% linoleate are suggestive of other effects.
When linoleate provides 3.0% of energy, factors other
than diet-induced platelet fatty acid composition
changes may influence platelet thromboxane synthe-
sis, but the factors cannot be induced from this experi-
ment. The quadratic tendencies suggested by these
data indicate a complex relationship between dietary
linoleate, platelet net phospholipase A, activity, and
platelet thromboxane synthesis. Such a relationship
between dietary linoleate and eicosanoid synthesis has
been noted,! and these results suggest that phospholi-
pase A, is a site for mechanism of the effect.
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